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CHAPTER 1
INTRODUC IION
1.1General Problem Statement
Self-propagating high-temperature synthesis (SHS)isa unique
method for the preparation of advanced ceramic materials and has
recentlyreceivedconsiderableattentionasanalternativeto
conventional ceramic or powder metallurgy processing technology.
Many industriallyimportantmaterialssuchashightemperature
refractories,abrasivepowders,electricalheatingelementsand
electrical conductorsare conventionally produced bysinteringin
expensive and energy-intensive furnaces. The temperaturestobe
maintained inside the furnaces ranges from 1,500 °Cto 2,000 °C and
the duration of process may take hours, insome cases even days.
The process in many cases needs to be carried out in severalstages
of thermal treatment in order to obtain the required quality of the
target product. The principle of SHS process is based on the fact that
many exothermicreactionscan
initiation. Reactions between any of
IV, V and VI of the periodic table
carbon, boron,silicon,sulfur,etc.
permitself-supporting propagation.
mixingandcompressing powders
beself-supportingaftertheir
the metals belonging to groups
with any of such nonmetals as
aresufficiently exothermicto
SHS method usually involves
intogreencompactsofany2
desired shape such as cylinder, rectangular bar, etc., which are then
synthesized into the final product by an exothermic self-sustaining
reaction wave. A fast heat pulse such as that provided by a heated
filament, spark or laser,isgenerally all thatis required to initiate
the exothermic synthesis reaction which then propagates through
the remainder of thegreen compact without additionalexternal
energyrequirement.
Therearevariousadvantagesforconsideringself-supporting
high-temperature synthesisasan attractivepracticalalternativeto
conventional methods of materials preparation. These are namely:
(a)thesimplicity and quickness of the process and requiresa
relatively low energy input. The only energy needed istoinitiate
the reaction. The time of completion of reaction is in seconds instead
of in hours required for conventional methods, (b) The higher purity
of products obtained. SHS reactions occur at temperatures in excess
of 2,000 0C, a temperature whichishigh enough tocausethe
evolution of most impurities that may be found on reactants. The
evolution is desirable in that the final product isleft with a much
lower impurity content than was present inthestarting materials.
Thus an SHS process can be termed as a self-purifying process. (c)
the possibility of simultaneous formation and densificationof the
desired material and into desired shape.
Thus thestudy of self-propagatinghigh-temperaturesynthesis
promisestoleadtoefficient production of ahost of important
materials. The limits of such synthesis and the rates possible within
thelimitsareof interestindetermining optimal reactor design.3
Many complex features of SHS process arealso shared by the
classical pyrotechnic processes. An understanding of the physical
and chemical mechanisms involved in these processesis obviously
desirable sothat the available empirical knowledge can be placed
on a firm mechanistic footing,
1.2Specific Problem Statement
Specific purpose of this work isto study self-propagating high-
temperature synthesis of titanium carbide. Titanium carbideisan
importantindustrialmaterial.Thehardness,high-temperature
stability,and low weight of titanium carbide makeitextremely
attractiveasastructuralceramic.Thismaterialalsohas good
electricalconductivity,surfaceactivity,and chemicalresistance
which makeitattractiveasan electrode or catalyst material. A
property table of titanium, carbon and titanium carbide is presented
in Table 1.1. The values of specific heat and thermal conductivity
given are at 2000 °K. Expressions of specificheats and thermal
conductivitiesof thesematerialsasfunctionsof temperatureare
also provided below:
Titanium:
C (T) = 0.654
K(T) = 0.154 + 3.72x10-5 x (T) + 1.553x10-8x (T)2
J/(gm K)
W/(cm K)4
Carbon (graphite):
Cp(T) = 1.43 + 0.356x10-3 x (T)0.00733 x 107/(T)2J/(gm K)
K(T) = 0.132 + 3.44x10-5 x (T)1.203x10-8 x (T)2 W/(cm K)
Titanium carbide:
C (T) = 0.825 + 0.056x10-3 x (T)0.0025 x 107/(T)2
K(T) = 0.4364.575x10-5 x (T)2.244x10-8x (T)2
J/(gm K)
W/(cm K)
Table 1.1Property Table of Titanium, Carbon and
Titanium Carbide.
C (graphite) Ti TiC
Molecular Wt. 1 2.01 1 47.9 59.91
Density (gm/cm3) 1.9-2.3 4.54 4.94
Melting Pt. (°C) 3,5 5 0 1,660 3,140
Cp (J/(gm K)) 2.124 0.654 0.931
K (W/(cm K)) 0.153 0.291 0.434
Both experimental investigation and numerical calculationswere
carriedout.The majorthrustofthe work wastostudythe
following:5
1. Effect of various system parameterson the steady
speed of the propagation of reaction wave. These
parameters are namely; initial temperature of the
sample, thermal conductivity of the sample, diameter
of the sample, initial density of the sample, dilution of
the mixture with the inert product and different
mixing ratio of the reactants.
2. To identify the conditions at which the reaction
ceases to propagate, i.e., the quenching conditions.
3. To study the effect of heat losson the propagation
speed and temperature distribution inthe sample.
One of the problems in carrying out numerical calculations is the
use of appropriate kinetic relations.Different kinetic models used
for reactions involving solids are reviewed. Results obtained with
twokineticrelationsarepresentedandcomparedwiththe
experimental data. A goal of this investigationistoidentify the
behavior of the reaction propagation speed and provide correlations
between thisspeed and system parameters, namely, initialdensity
of the sample, mole ratio of the reacting mixture and dilution of the
mixture with the inert product.6
CHAPTER 2
LITERATURE REVIEW
2.1General Review
During the past decade lot of research efforts were expended
by Russian scientistsled by A. G. Merzhanov in combustion of
condensed systems developing the new method which they termed
Self-Propagating-High-TemperatureSynthesis(SHS).Veryfew
works were reportedatthat timeinthe westernliteratureuntil
recently.Bulkoftheworksreportedareonexperimental
observations.Althoughrecentlyeffortsarebeingmadeto
understandthe mechanisms involved inthe reactions of the type
solid + solid ---> solids. An excellent review of the works in SHS
processes available inthe literature are reported and discussed by
Munir and Anselmi-Tamburini [1].
One characteristic commonly associated with the SHSprocess
isits lack of dependence on the gas pressure, and hence thereason
for the early reference toitas gasless combustion. Merzhanov [2]
reported the speed of reaction wave propagation ofa number of SHS
reactionsas functions of prevailing inert-gas pressure and showed
them to be independent of pressures.
InSHSreactionsbothsteadystateandunsteadystate
propagation were observed.Thereareboth thermodynamic and
kinetic reasonsfora propagation todepart from steadystateto
unsteady state. Thermodynamic consideration arise from the degree
of exothermicity. As the enthalpy of reaction decreases,a limitis7
reached beyond which the reaction wave willnot self-propagate
andthecombustionisextinguished.Kineticreasonsforthe
departurefromsteadystatepropagationincludeincomplete
reactivitycausedbythepresenceofdiffusionbarrier.The
relationshipbetweentheadiabaticsteady-statespeedandthat
representing the minimum has been provided by Zeldovich [3,4]as
vad= 1.65 vm
where vadisthe steady state speed of combustion obtained under
adiabaticconditions,vmisthe speed at which the combustion
process isat the verge of being quenched. Experimental verification
of the aplicability of the above relationtosolid-state combustion
has been provided [5] for a number of systems. Between the limits
of vad and vm the speed undergoes a transition from steady-stateto
unsteadystatebehavior.Thetransitionfromsteadystateto
unsteadystate combustion has been theoretically analyzed fora
homogeneous system[2,6,7]. The results show thatthe boundary
betweenthesetwo modesofcombustionisdefinedbythe
parametercc such that
RTc C T
a = ( ) ( 9.1 2.5 ) hc
According to the above expression steady state is attained ifa 21.
Holt and Munir[8]calculatedstable(steadystate)and unstable8
(unsteady state) regions of combustion in the system Ti + C from the
above expression and gave a plot of activation energy as a function
of adiabatic temperature. Acording to the calculation the nsaction is
stable for an activation energy of less than 180,000 J/mol when the
adiabatic temperature is about 3,300 °K.
Merzhanov[9]presented an excellenttutorial on different
typesof SHS processes. Healsopresentedareviewofthe
mechanismsinvolvedwithvariousSHSreactionsandtheir
structuralMacrokinetics.
Varma, et.al.,[10] performed numerical calculations fora
cylindrical sample with finitelength. They made analysis for low
Biot number cases by assuming lumped formulation inthe radial
direction. In describing the kinetic term they assumed a first order
reaction with respect to the nonmelting reactant andzero order
with respect to the melting reactant. According to them radiatative
heat loss from the surface significantly influence SHS process fora
finite length pellet. But they did not give results for specific cases.
2.2Specific Review
Whereas the literature on SHS in a variety of reactant systems
has been discussed in the preceding sectionwe concentrate inthis
section for systems of Ti + C. Numerous attempts have been made to
understandthe mechanism ofthereactionbetween carbonand
titanium. Using carbon-coated titanium wires, Vadchenko et.al.[11]
investigatedtheignitionand combustion processbetweenthese
elements. They concluded thatthe combustion process is preceded
by the melting of titanium and that the formation of the carbide9
takes placeina subsequent crystallization from a molten phase.
According to this model, no reaction occurs at a temperature lower
than the melting point of titanium and that when titanium melts it
flows outwardly to fill the pores between the particles of the carbon
coating. Asaresultofthisflowthesurfacecontact between
reactantsisincreasedandtheinitiationofaself-propagating
reactionisfacilitated.That the primary reaction between carbon
and titaniumtakesplace onlyafterthemeltingof titaniumis
demonstratedbyplottingthetemperaturehistoryforvarious
heatingrates(W/cm2). When the heating rates exceedsa critical
value,the temperature of the wire exceeds the melting point of
titanium and rises abruptly to a much higher value suggesting the
initiation of reaction. On the other hand if the heating rate does not
exceed thecriticalvalue,titanium does not melt and noself-
sustaining reactionisobserved.
Aleksandrov and Korchagin [12]intheir experimental work,
with the help of electron-microscopic method, fora wide variety of
SHS systems also observed the melting of one of the reactants. They
concluded that one of the reactants melts and flows around the
particleof the nonmelting reactant. As the reactioninitiatesan
intermediateproductlayerisformed whosethicknessremains
constant throughout the process. The liquid reactant thandiffuses
through thislayer to the surface of the solid particle to continue
reaction. They also concluded that the final product is formed by
crystallization in the outer melt.
Other evidence for the importance of melting of the metalas a
prerequisite to the formation of a carbide phasecomes from studies10
utilizingtransmissionelectronmicroscopy[13].Thinlayersof
reactants were heated by electron beams and by other conventional
methods anditwas concludedthatthereactionbetweenthe
elements is preceded by the melting of the metal. Kirdyashkin et.al.
[14]intheirstudyaboutthemechanism concludedthatthe
dominant mechanism for the combustion synthesis of TiCwas the
diffusion of carbon through the TiC layer resulting from the initial
interaction of carbon and titanium. This conclusion contradicts the
mechanism observed by Aleksandrov and Korchagin. The conclusion
wasbasedprimarilyontheapparentagreementbetweenthe
activationenergyfor combustion andthatforthediffusionof
carbon in TiC. The activation energy for combustionwas evaluated
from plots of ln(v/Tc) versus 1/Tc.
In another investigation aimed at understanding thenature of
themechanismassociatedwiththecombustionsynthesisof
titanium carbide, a variation of the conventional combustion method
was used[15].Intheso-calledelectrothermal explosion (ETE)
method, the reactant mixture is heated by thepassage of a current
throughthesample. From the dependence oftherateof heat
liberation due to chemical reactionon the rateof heating of the
specimen,it was concluded that the carbon synthesis takes place
primarily by the reaction of carbon with liquid titanium.
MullinsandRiley[16]reportedtheeffectofcarbon
morphology on the combustion synthesis of titanium carbide. Three
different carbon substrate, namely (i) a graphite flake material; (i)a
high surfacearea carbonfiltermaterial and(iii)a wood base
activatedcarbon,wereusedandwere mixedwiththesame11
titanium powder with stoichiometry maintained inevery case. The
studies clearly illustrate that the SHS reaction between titanium and
carbon occurs with molten titanium flowingtothesolid carbon
substrate, thus confirming the other observations.
In another study regarding the synthesis of carbide [17]itis
reportedthatthereare two modes of combustion: diffusion and
capillary action. In the capillary action mode the combustionprocess
is controlled by the rate of capillary spreading of the liquid phase
through the particles of carbon. In the diffusion mode the reaction is
controlled by diffusional process between the reactants. According
to the study the significance of the role played by each of these two
modes is dependent on the particle size of the metal. The diffusion
controlled modeisdominantforsystemswithsmallmetallic
particles while capillary spreadingisrate controllinginsystems
with larger metallic particles. According to this theoretical analysis,
the region in which capillary spreading is dominant is characterized
by the expression
2r >>
6/ rr3
D
where ro isthe particle size of the starting metal component,rr is
the particlesize of the refractory (carbon) component,alis the
surface tension of the liquid,111is the viscosity of the liquid, and D
isthediffusionalcoefficientofthereactantintheproduct.
According to the study for a carbon particle size of 0.1ptm,capillary
spreading will dominate if the titanium particle size is of theorder
of 103 i.tm. For carbon particle size of 1 capillary spreading will12
dominateiftitaniumparticlesizeexceeds3x104la m (3cm),
obviously a large value from practical point of view.
Particle sizes of the reactants in an SHS process also has other
important roles.Itinfluencesthe degree of completion of the
reaction, the axial and radial temperature profile of the combustion
zone and the speed of the combustion wave. If the titanium particle
sizeincreases both the maximum temperature and thespeed of
combustion decrease. The temperatureprofileofthe combustion
front also broadens indicating that the reaction is taking placeover
awider region of the sample [18]. Accordingtothestudy, the
broadening of the combustion zone is not due to the reduction in
maximumtemperaturebutisduetothedecreaseinthe
completeness of the reaction. Adding TiC, the inert product,asa
diluentdecreasesthemaximumtemperature,buttheprofile
remains basically unchanged. The study reports that fora titanium
particle size50 gm only 0.5% unreacted carbon is detected. As Ti
particlesizeincreasesto about 300 p.m,thepercentunreacted
carbon exceeds about 9%.
Holt [19] in his experimental work with titanium and carbon
system observed from SEM micrographstudythatthereaction
wave heats the materials directlyinfront toa temperature above
the melting point of titanium. The molten titanium than diffusesby
capillary action through the pores along the graphite particlesand
reacted to form TiC. He also studied the effect of initial porosityof
the mixture on the final density. When the porosity is lessthan 13%
thesamplecouldnotbeignitedbecauseofhighthermal
conductivity. The final density remains almostconstantwith initial13
porosity exceptatlower initialporosity where thefinaldensity
seem toincrease veryslightly. They also performed experiments
with non-stoichiometric mixture of titanium and carbon and found
that C/Ti ratios less than 0.6 or greater than1.67 could not be
ignited. They reported a typical value of 0.35 cm/sas the reaction
propagationspeedbutdidnot provide howitiseffectedby
variation ininitial porosity or mixture-ratio.
HoltandMunir[8]carriedoutboththeoreticaland
experimentalworkwithtitaniumandcarbonsystem.They
calculatedtheadiabatictemperature of reactionof titaniumand
graphite powders aseffected by stoichiometry, dilution and initial
temperatureofthereactants.Theadiabatictemperaturewas
calculated to be about 3210 °K for stoichiometric mixtures. At that
temperature they found that only 33% of the product ismelted.
Theyshowedthattheadiabatictemperatureremainsalmost
constant tillthe initial reaction temperature is about 1,400 °K. Only
change being the increaseinthe melted fractionof the product
phasefrom 33%to 100%asinitial temperature increases from
298 °K to 1,400 °K. Adiabatic temperature rises quite sharplyonce
initial temperature increases1,400 °K. The effect of dilution with
titanium carbide starts showing up afteritisabout 20%. Similar
trendsarealsoshown forexcesstitaniumand excesscarbon,
although being more sensitive to titanium rich condition.
While in theory the combustion process can be characterized
by an adiabatic temperature but in practice heat lossesare claimed
tobesignificant and adiabaticconditionsareseldom achieved.
Maslov, Borovinskaya and Merzhanov[20]presented results with14
fourdifferentsystemsshowingthereactiontemperatureto
decrease once the sample diameter startsgetting below about 10
mm. An important consideration concerning the deviation from the
adiabaticityrelatestothe geometry of the combustion sample,
specifically the consideration of surfacearea to volume ratio. How
thisdecreased adiabatictemperaturerelatestothespeed of the
overall wave propagationisnot addressed. No result for Ti + C
systems isalso published. Boddington et.al[21]in his work with
tungsten-molybdenum system found no significanteffectof heat
loss on the reaction speed. Working witha compact of rectangular
cross-sectiontheyconcludedthatasignificantlyhigherheat
transfer coefficient is necessary in order for heat lossto have any
effect on the overall reaction propagation speed.
HardtandPhung[22]reportedoneoftheveryfew
mathematical models of the SHSprocess from thisregion. They
developedaone-dimensionaldiffusionalmodelofthereaction
kineticsand performed numericalcalculationsforvarious SHS
systems. Intheir model they assumed the reactantsto be arranged
inalternatelayers. Once the reactioninitiatesthe reactantsare
seperatedby the growing layer of the product.In order for the
reaction to continue the metal has todiffuse through the product
layer in order to reach the reaction surface. Hardt andHolsinger [23]
performed experiments toobtain the reaction speeds of thesame
SHS systems studied in [22]. Because ofpoor coherence exhibited by
amorphous carbon, mixtures of titanium and carbonwere blended
with 1% gum arabic in 10% water, pressed and driedat 110 °C.
According to the authors the binder didnot appear toaffect the15
reaction characteristics measurably. The compactswere pressed into
barshapes.Ignitionwas accomplished bytheinsertionof an
electrically heated tungsten bridge wire. The propagationrates were
monitored by observation of the flame front through high speed
motionpicturesorwithaburnwiretechnique.Reaction
temperatures and the response times were recorded by means of
oscillographsof the anode current of a precision pyrometer. For
titaniumandcarbonsystemsthereweresignificantdifference
between the experimental results and numerical predictions.Phung
andHardt[24]alsomade somestudies,bothanalyticaland
experimental, of the ignition characteristics of the differentsystems
studiedin[22]and[23].Fortitaniumandcarbonsystems
experimental values were about 20 times higher than the calculated
values. According to the authors the discrepencyappears to be due
to low values for the preexponential factors.
One of the main issues in producing refractory materials by
SHS methodisthelevelof porositythat may result from the
reaction.
compact
product,
Sources of these porositiesare:(1) pores inthe starting
of the reactantsthat may be carried over into thefinal
(2)porositygeneratedasaresultofoutgassing
vaporizationfromthehightemperaturereactionand
differenceinthetheoreticaldensitiesofthereactants
products,i.e.,intrinsicporosity.Generation of intrinsic
Or
(3)the
andthe
porosity
might be expected since, to be self supporting, thesereactions must
be exothermic. This often implies tighter atomicbonding, and hence
higher densities in the products than in thereactants. Calculation of
the effectivetheoretical density of the reactants by dividingthe16
sum of their molar masses by the sum of their molar volumes and
comparingwiththedensityoftheproductgivesthevolume
changes. Holt[19] showed that a 100% dense green compact of
titanium and carbon and with no densification taking place during
combustion would give a porosity of 24%. Rice and McDonough [25]
also provided a table showing the changes in volume for various
materials produced by SHS method. They showed that thereisa
definitetrendofhigher volume changeswithhigherheatof
reaction.Asimilarbutmorescatteredtrendwasseenfor
percentage volume changes with adiabatic flame temperature.
Yamada et.al.[26]prepareda dense titanium carbide by
applying a high-pressure self-combustion process. Densificationwas
attained without sintering aids. They prepared the compact by first
mixing titanium and carbon powders in n-hexane and dried under
vacuum. The reactant compact was subjected to a pressure of 3 GPa
and ignited. The maximum value of the relative density obtained
was 96.5%.
Rice et.al.[27]carried out experimental study to determine
the effect of reaction propagation rate along a compactas a function
of density. The compacts made were rectangular incross-section.
Results show that compact made of titanium and carbon powders
(10% excess Ti) of-325 mesh size could be readily ignited and the
propagationspeedvariedfrom0.8to1.55cm/s,reachinga
maximum rateat approximately 60% theoreticaldensity. Mixtures
made with a bigger titanium showed similar trend but slower speed.
The study also found that high densitycompact, approximately 90%
theoretical density, generally failto maintain propagation and often17
arenotignitable.Theauthorsattributedthemaximumin
propagation ratetothe following inverse trend asa function of
density:(1)increasingavailabilityof reactantspeciesnearthe
reaction zone to increase the propagation rateas density increases
(i.e., porosity decreases), (2) increasing heat loss from the reaction
zone to decrease propagation rate as porosity decreases.
Kecskes and Nil ler[28] made a study of the effect of the
presence of impurities during the combustive synthesis of titanium
carbide.DuringtheSHSoftitaniumcarbidethetemperature
reached is quite high (in excess of 3,000 °K) which is sufficientto
cause evaluationof most impuritiesthat may be found inthe
reactants. This evolution is desirable in that the final product isleft
witha much lowerimpuritycontentthan was presentinthe
startingmaterials.However,becauseofthehighreaction
temperatures,thereleaseofthese contaminants canbeviolent.
Consequently, gas channels, voids and open crackscan form in the
reacted ceramic body, and in some instances the reactionmay be
completely disrupted, resulting in the powder compact being blown
apart. The authors found thatif the reactant powders are vacuum
baked at 400 to 500 °C,the amount of evolved gasesis much
reduced and the integrity of the product is much improved. Residual
gas analysis of the volatiles released during bakeout in a vacuum
furnace showed thepresenceof water vapor,hydrogen,carbon
monoxide, carbon dioxide and hydrocarbons. Hydrogen is foundto
be in relativelylargequantityandneeds to be baked at about
500 °C to remove them from titanium powders.18
Kotke and Niiler [29] reported values of thermal conductivity
of a compact of titanium and carbon powder. They measured the
thermal conductivity at various densities of the compact made from
-325 mesh powders. They also providedarelationship between
thermal conductivity and compact density.Their study show the
propagation speed to continuously increase with increasing sample
initial density.
Puszynskiet.al.[30]presentedresultsobtainedby
numerically solving the one-dimensional energy equation describing
SHS process. They usedafirstorder kineticrate equationin
describingthesourceterm.Thenon-linearfinitedifference
equationsweresolvedbyquasi-linearizationanditeration.By
solving the non-dimensional form of the equation theywere able to
observe oscillatory nature of the reaction front. They also reported
quenching of the reaction front for a critical non-dimensional heat
loss.
Kumar et.al [31] presented a kinetic model for a SHS process
where one of the reactants melts and the otherisa nonmelting
highlyporoussolidparticles.Theysolvednumericallyaone-
dimensionalsystemwiththeirkineticmodelinstalledfor
molybdenum and silicon mixture and found the resultsto be in good
agreement with the experimental values.
Hlavacek et. al [32] made modeling of the reactions of both the
types solid-solid and solid-gas.In modeling, the reaction rate was
described by an integer power kinetics. For solid-solidsystems they
assumed that the melting reactant is inexcess of the solid reactant
and therefore consideredtheprocesstobeoffirstorderwithrespect to the solid. Their
not Ti-Csystems. They
observed phenomena with
A model to describe
processesarepresented
qualitative dependenceof
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study include Ti-B and Hf-B systems but
presented comparison of experimentally
theoretical computer calculations.
ignition and quenching conditions for SHS
by Kanury[33].Healsoreporteda
reaction speed in SHS process on various
system parameters. A review of the existing kinetic models used in
the literature for describing solid-solid systems isgiven by Kanury
and Huque [34].
Huque, et.al.[35] in their numerical calculations of the two-
dimensional system using Aleksandrov and Korchagin[12] model
reportedthedependenceofpropagationspeedonseveral
parameters. They observed that the heat loss from the periphery of
thecylindricalsample has verylittleeffect onthe propagation
speed for the practical ranges of the sample diameter. Firsov and
Shkadinskii[36] reported the effect of heat lossfor a rectangular
bar on the curvature of the combustion front and the stability of the
stationary mode of the reaction. Strunina, et.al.[37] carried out a
study on thestability of gasless systems in the presence of heat
losses by using both one and two-dimensional systems with kinetic
models involvingfirstorder,secondorder andself-accelerating
reaction.
2.3Research Needed
In view of thegeneral and specificliterature reviewitis
evident that more work is needed to study the effects of various20
system parameters on the propagation speedin SHS process of
titanium carbide, both experimentally and theoretically.
For numericalcalculationsanappropriatekineticrelations
need to be used based on the observed mechanism of reactions in
SHS processes involving solid reactants. The model should address
explicitly the effect of various parameters involved in theprocess.
There are also contradicting results reported in the literatureon the
effectofinitialsample density onthe propagation speed which
needstobe addressed. Experimental worksarealso neededto
obtain the effect of dilution and variation in mixture ratioon the
SHS wave speed andalsotoobtaintheappropriate quenching
conditions to validate the theoretical predictions.21
CHAPTER 3
MATHEMATICAL MODEL
3.1Configuration
Inourstudyof self-propagating high-temperaturesynthesis
process,powdersoftitaniumandcarbongraphiteinchosen
proportion are mixed and compressed into a cylindrical compact of
chosen diameter and density. The compressed sample may be of
any geometry but we use here a plug of cylindrical cross-section.
Cylindricalsampleisusedforthepurposeof comparingthe
numericalresultswiththoseobtainedfromexperiments.The
cylindrical sample may be placed in any orientation (which effects
the convective loss into a gas-filled surroundings) and the ignition
can be initiated from either end. In the present model, we keep the
sample vertical and assume the sample to be ignited from the top
by means of some external source such as by resistively heated
tungsten heating coil. Once the sample is ignited, sufficient energy is
generated within the ignited layer. This energy is conducted to the
adjacent layer to raiseit to the ignition condition. A self-supporting
steadyreaction wave thenpropagatesalongthelengthofthe
sample A schematic of the configuration and the SHS processis
showninFigure3.1alongwiththe expectedtemperature and
product concentration profile. The reaction is expected to be a high
activation energy process with a thin reaction zone compared to the
warm-up zone. Both the temperature and product concentration areProduct of
Reaction
Zone of
Synthesis
Warm-up
Zone
Mixture of
Initial
Elements
Direction Concentration
of of product
Synthesis
Wave
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Figure 3.1.Schematic of the SHS Process.
Temperature
expectedtorisesharplyatthereactionfront.Temperatureis
expectedtoreacha maximum and then decreasetoaconstant
value. This is because the reaction is expected to occur only in one
layer at a time due to high specific heat of the solid reactants. The
reaction chamber may beevacuated(onlyradiativelossesare
expected) or may contain an inert gas such as argon (both radiative
and convective losses are expected). This configuration describes the
SHS processinasingle compact and doesnotaddressbatch
reactions for industrial production.23
3.2Model and its Governing Equations
A mathematical modelisdeveloped whichdescribesthe
steady propagation speed of the reaction wave along the length of
the cylindrical sample during an SHSprocess as discussed above.
3.2.1Assumptions
The following assumptions are made in deriving the governing
equations:
(1) Thermal conductivity K and the specific heat Cp of the
compact is assumed constant throughout the process.
(2) The kinetic parameters such as the activationenergy E
and the pre-exponential factors are also considered
constant.
(3) The process is assumed to be two dimensional withno
variation inthe circumferential direction.
(4) Both convective and radiative heat losses from the
periphery of the cylinder to the environmentare
considered.
Mass diffusion of the solid reactants and product from
one layer to another does not occur.
(5)
3.2.2Justificationof Assumptions
One ofthemajor assumptions madeisthatthephysical
properties,i.e.,thermalconductivityandspecificheat,ofthe
compact remain constant throughout the process. The widerange of
temperature variation along with the complications arising from the
fact that one of the reactants melts duringthe process makeit24
extremely difficult to obtain K and Cpas a function of different
system parameters. Sizes and shapes of the reactant particles and
their mixing conditions also add to the problem. Henceassuming an
average constant value of these parameters will greatly simplify the
equationsandalsothesubsequentcalculations.Theactivation
energy and the preexponential constants for a titanium and carbon
system areavailable as constant valuesintheliterature and are
therefore assumed to be constant for the model studied.
Since the reaction is initiated by igniting the entiretop surface
of thecylindricalsample,theassumptionof no circumferential
variation can be considered as a valid assumption. In developingthe
governing equations for the cylindrical sample the radial direction
can be lumped as is done by Varma, et.al. [10]. In that case the loss
term appear in the governing equation. Lumped formulationcan be
assumediftheinternalresistanceissmaller comparedtothe
external resistance, i.e.,if Biot number for the system is small. But
for a larger Biot numbera variation of temperature in the radial
directionisexpected and hencetheradialdirectioncannot be
lumped. Since one of the objectives of this study isto observe if
there is any effect of the heat losson the radial temperature profile
a two-dimensional formulation is used. Since the SHS processesare
highly exothermic andthetemperatureattainedarequitehigh,
losses duetoradiationareexpectedtobesignificantandare
therefore included along with convective losses. Lossesare assumed
from the periphery of the sample, butnot from the two ends of the
cylinder. The ends are assumed to be insulated.Unlike gas phase25
reactions diffusion of mass of the solid reactants are not expected to
take place between the reaction and the adjacentzones.
3.2.3Equations
Let us take a differential control volume as shown in Figure 3.2.
Let us assume both convective and radiative heat losses from the
periphery of the cylindertothe environment.Starting withthis
differentialcontrol volume and the assumptionsstated above the
energy conservation equation for the process is obtained as
1_ a-r _0<P1)+ (Kr?-1r)+ p= pcat a xax r ar(Krar) (3.1)
x and r are the axial and radial coordinates; K, p and Cp are
respectively the thermal conductivity, density and specific heat of
the sample material; S"isthe rate of energy generation per unit
volume due to reaction; andtistime. The source term can be
expressed as
= (hc)( -*'") (3.2)
where,heisthe enthalpy of reactionin(J/gm) and W is the
reactant mass depletion rate per unit volume.26
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Figure 3.2. Schematic of the Cylindrical Sample Showing Control
Volume and Coordinate Systems.27
Species conservation in the same control volume can be derived,
for the unsteady state, with no diffusion and flow of species in and
out of the control volume, as follows
.
Pat ("W )
(3.3)
where,riisthe degree of conversion and varies from zero at the
start of reaction to1 when all the reactants in the initial mixture are
converted into product. For cases of nonstoichiometry and dilution
withinert productrlwill be less than1at the end of reaction.
Combining Equations (3.2) and (3.3) and substitutingin Equation
(3.1) the energy conservation equation becomes
a, 1a,a 1-
ax
+5T. (Kra +p(he) =pC (3.4)
at Pa t
Equations (3.3) and (3.4) form the coupled set of equations
which govern the SHS reaction propagation. Themass depletion rate
is given by the kinetics of the reaction. In Chapter 4a review of
differentkineticmodelsusedintheliteratureforreactions
involving solids is provided. Out of the discussed kinetic modelstwo
willbeusedfornumericalcalculations.Theyare,namely,
Aleksandrov and Korchagin kinetic model and Kanury, Huque and
Guerrero kineticmodel. When using Aleksandrovkinetic model
Equation (3.3) will be replaced by Equation (4.12). WhenKanury28
kinetic model is used Equation (3.3) will be replaced by Equations
(4.22) and (4.26). For a system with stoichiometric mixtureratio
and no dilution, for Kanury kinetic model,rl, the extent of reaction,
will be defined aseither (1-0) or (1-A), where D and Aare the
nondimensional concentration of titaniumintheliquid melt and
nondimensional volume of the carbon particle respectively andare
discussed in detail in Chapter 4. Forcases of nonstoichiometry we
have two cases,namely, titaniumrichand carbon rich.Fora
titanium rich case, nis defined as (1-0) and for a carbon richcase
(1-A). In cases of stoichiometric mixture ratio but dilution withinert
product11will also be less than1at the end of re on. iiis then
defined aseither (1-0) or (1-A) multiplied by the fraction of the
initial reactant mass which actuallygoes into reaction. Thus for a
system with 20% dilution by weight (with TiC), rlwill be 0.8(1-0) or
0.8(1-A). Thus the partial ofwith respect to time will be replaced
by the negative of partial of D or A with respectto time as needed
for different cases.
3.2.4Boundary Conditions
Inordertosolvethe abovesetof equations,appropriate
initialand boundary conditions need to be specified. The initial
temperature of the sampleisassumedtohave a uniform value
throughout the sample except at x= 0 where the initial temperature
is assumed to be equal to the ignitiontemperature. This condition is
furnished to accomplish ignition. An assumption that bothends of
the cylindrical sample are insulated gives the boundaryconditions
fortheaxialdirection.Itistobe notedthatonce ignitionis29
accomplished, the boundary conditionat x = 0 becomes irrelevent
because we are computing only the steadystate values. For radial
boundary conditions, symmetryisassumed on theaxis and the
peripheryofthesampleisassumedtosuffer(convective+
radiative)losses. With Kanury kinetic model the nondimensional
volume of the nonmelting reactant particle and thenondimensional
concentration of the liquid reactant in theouter melt, have initial
values of 1.
Equations (3.4), (4.22) and (4.26) thus constitute thecomplete
set of equations describing the problem with the following initial
and boundary conditions:
T = Tignition t = 0,= 0, 0rR
T = To,A=1 and d). 1;t = 0, x > 0, 05r5_R
aT
Ix=o = o
aTi
a rIr=°0'
aTi
ax I X=L =
(3.5a)
(3.5b)
(3.5c)
-Karr
aT
1r=R = h(T-Ta) + eFa(T4-Ta4) (3.5d)
With Aleksandrov kinetic model the problem isdescribed by
Equations(3.4) and (4.12)along withtheinitialand boundary30
conditions described above except that the initial conditiongiven by
Equation (3.5b) is replaced by
T = To and ri = 0; t=0, x>0, (3.5e)
Once the sample is ignited in one end byan external means, a
reaction wave will propagate through the sample eithersteadily or
unsteadily.For steady propagation, the time in Eq. (3.4)can be
replaced by the ratio of locationx to the steady speed v.So that the
a T transient termpC
P
-a--
tin Eq. (3.4) is replaced by pvCaT
Pax
.
By assuming the surroundinggasto be stationary,the heat
loss from thecylindricalsample canbe presumed tooccur by
radiationandbynaturalconvection.Theaverageheatloss
coefficient h is obtained [401 from the convectivecorrelation of the
form Nu = (4/3)f(Pr)(Gr/ 4)1/4 where Nu= hl /Kg, PrisPrandtl
number of the gas, f(Pr)is a function of Prandtl number and Gr
g(3v13AT /vg? isthe Grashof number. 1is the characteristic vertical
distance.gis localgravitationalacceleration. 13v isvolumetric
expansion coefficient of thegas. AT is the surface temperature rise
over the ambient (T-Ta) which drives the natural convective flow.
Heat transfer coefficientsfor the warm-up zone and the product
zonearecalculatedseparately.Forthewarm-upzonethe
characteristic vertical distance is takenas the distance between the
cell where the high temperature reactionistaking place and the
forwardmost cell which has experienceda rise in temperature. For
the product zone characteristicverticaldistanceistakenasthe31
vertical length of the product zone. The above correlation is foran
isothermal surface. Since in the present work there isa temperature
variation in the warm-up as well as in the productzone, the surface
temperature T for both cases are approximated to bean average
temperature. For the warm-up zoneitistaken asthe average of
temperaturesatthereaction front and theinitial temperature of
the sample. For the product zone itis taken as the average value of
the surface
the loss in
temperatures in the product zone.It must be noted that
the region lying ahead of the propagation front playsan
important role in the reaction wave propagation speed whereas the
loss from the surface behind the frontmay have influence on the
restructurizingof theproduct butnot onthe wave speed. The
correlation for the natural convective heat transfer shown above is
for a vertical flat plate. This expressioncan be used for a vertical
cylinderforlarged/1ratio,wheredisthediameterofthe
cylindrical compact and1isthecharacteristicverticaldistance.
When d/1issufficientlysmallforcurvaturetobesignificant,
verticalcylinderresultdeviatefromflatplateresultsand
corrections are to be made. In order to take intoaccount the effect
of curvature,correctionsare made asgivenin[41]taken from
[42,43]. The corrections are made by multiplying the Nufor flat
plate with appropriate coefficientstoobtain Nu for cylinder for
different Rai 1/4d/1 values. In calculating the heat transfer coefficient
inthe product zone thecharacteristiclength was takenasthe
distancefromthetoptothelast
temperature for the driving force was
temperature of the product zone. The
reactedsurfacecell.The
again taken as the average
radiation shape factor F is32
takenasunityandtheemmissivitycistaken as0.8, which
represents an average value of the emmissivities of titanium and
graphite.
3.3Order of Magnitude Analysis
To develop a qualitative understanding of the dependence ofthe
SHS wave speed on various parameters,an order of magnitude
analysis [33] of the governing equationscan be conducted. Let 8' b e
the thicknessin the axial direction which feels the heat generated
by thereaction. This may betermed the "thermal depth".Let Tb be
theadiabaticreactiontemperature.Let R be the radius of the
sample and be the enthalpy release rate definedas -=(he)
(-*'").Let the temperature in the energy equation be of the order
of (Tb- To), x be of the order of the thermal depth 8' and r be of the
order of the radius R.Let us assume that the thermal depth 8'an d
radius R are of the same order of magnitude. Foran adiabatic case
the conduction, reaction and convectionterms can be expressed as
follows
K(TbTo) K(TbTo) Conduction L.-- 8,2 8,2
Reaction =S'"
Convection
8'
p Cp v (ToTo)
Equating conduction term with reactionterm,K (Tb- To)
8'2
Equating convection term with reaction term,
p Cp v (TbTo)
8'
Equating equations (3.6) and (3.7) we obtain
1 K §'" 1/2
v
pCp 1 (TbTo)
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(3.6)
(3.7)
(3.8)
Thisresultdescribesthe dependence of thesteadyreaction
velocity v on various parameters. Itis clear that the reaction speed
will decrease linearly as the density of the sample is increased.As
the thermal conductivity is increased v will also be increased.With
othervariablesremainingconstant,thermalconductivityis
expected to be increased with decreasing particle size.Therefore, v
will decrease as the particle size increases.Itisalso obvious from
equation (3.8) that the reaction velocityisincreased as the initial
temperature of the sample is increased.The effect of stoichiometry
and dilution of the sample with the inert final product is embedded
on the dependence of v on The propagation velocity decreases
as the reaction energy decreases.34
Figure 3.3 shows qualitatively[33] the variation of reaction
velocityvasafunctionof variousparameters.Presentinthe
following paragraphs is a qualitative discussion of the physicsof
how different parameters affect the SHS reactionwave as depicted
in Figure 3.3.
(a) Sample diameter
Effect of the sample diameter on the reactionwave speed comes
intopicturethroughtheheatlossesfromtheperipheryofthe
cylindricalsample.These losses make thereactionfronttwo-
dimensional.Heatgenerationduetochemicalreactionisa
volumetricprocesswhiletheheatlossfromtheperipheryis
controlled, by the surface area.As the diameter of the sample is
gradually decreased, the volume to surfacearea ratiois decreased
to make theeffectof heatlossprogressively more significant.
Therefore, a decrease in sample diameter results inan increase in
heat loss and, hence, a reduction in the propagationspeed.There is
expected a critical value of diameter below which theheat loss is so
excessiveastodisable propagationofthereaction wave. This
limiting diameter can be termedas the "quenching diameter".On
the other hand, if the diameter is increased, theheat loss becomes
gradually less important; beyondsome large size the loss will be
ignorable and the propagation speed attainsan "adiabatic" speed.
(b) Initial sample density
The density of the initial sample hasan inverse effect on the
propagation speed of the reactionwave.A denser compact has highSample Diameter
Initial Temperature
Relative Concentration
of the Final Product
v
NNN
Density
Particle Size
Ratio of Reactants
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Figure 3.3. Qualitative Variation of ReactionVelocity v with Various
Parameters{33]36
volumetric heat capacity and therefore takesa greater amount of
energy to heat a layer to reaction conditions and eventually to the
completion of the reaction.Therefore the reaction speed in a denser
compact will be slower than in a sample of lower density.
Density, as discussed earlier, may also play a role in the sample
thermal conductivitytoinfluencethe propagation rateina way
opposite to the above effect.
(c)Initialtemperature
Inself-propagating high-temperature synthesis, the effect of
temperatureon reactionrateistakentofollowtheArrhenius
exponential law, i.e.,the rate of reaction depends on temperature in
an inverse negative exponential way.Thus a higher temperature of
the homogeneous reactants will meana shorter ignition delay and a
fasterspeedof propagation.Sincethe energy releasedinthe
reaction in a layer will be transferred by conductionto the warming
zone, a higher initial temperature will facilitate easier attainment of
the ignition temperature, thus leading toa faster propagation.
(d) Particle size
The size of the particles of titanium and carbon in the initial
sample has an important effecton the rateat which the reaction
propagates through the sample.This effect comes inthe overall
value of thermal conductivity.Once a layer is ignited, the rate at
which heatistransported tothe unreacted partisdictated, along
with othervariables, by the overall thermal conductivity.Ina
porous medium, preparedby compressingamixtureofsmall37
particles, heat is transferred by conduction through the solidcontact
surfaces and also by conduction and radiation throughany gases
trappedinthepores.Exceptatvery high temperatures when
radiation becomes significant,itis expected that the magnitude of
gas-phaseheattransferthroughtheporeswillbenegligible
compared to conduction through the contact surface.Therefore, as
the contact surface area between the particles increases,the overall
thermal conductivity of the sample also increases.There may be
two ways to increase the contact area:one is by making the sample
more compact,thusreducingthepercentageofpores;andthe
secondisbydecreasingthesizeoftheparticlesandthereby
increasing the solid surfacearea.When the samples are prepared
with powders of different particlesizes,itisexpectedthatthe
reaction speed will be higher in a denser sample of smaller particles
because of higher overall thermal conductivity.The particle size
willalso come into play probably to modify thefinalextent of
reaction in a manner discussed in Chapter 4on Kinetics.
(e) Dilution with inert product
If the initial reactants are diluted with the final product,the
highestattainedtemperatureisdiminished.Becauseofthe
presence of the product, the heat released per unit startingmass
will also be reduced.This in turn will slow down the propagation of
the reaction front.Therefore, as the amount of dilution increases
theoverallreactiontemperature andthepropagation speedwill
decrease.Ultimately,alargecriticallydilutionisreached above
which a self supporting reaction becomesimpossible.38
cf)Stoichiometry
A stoichiometric reaction is a process in which all the reactants
are converted into products.In combustion, a reaction takes place
with the liberation of energy as heat.The enthalpy of the reactants
is larger than the enthalpy of the products.The difference between
these enthalpies are released as heat and is knownas the enthalpy
of reaction [38].A portion of the energy released is used in heating
the reactants and products while the restislost from the reaction
zone to the surroundings.When a thin layer of a cylindrical sample
of titanium and carbonisreacted,the energy releasedisof the
orderof 3082 J/gm.The energygeneratedinthislayeris
conducted to the next layer of unreacted mixture, heating itto the
ignition condition and thus initiating reaction init.In this way, a
self-supporting propagation of reactionis achieved along the entire
length of the cylindrical sample.
The speed at which the reaction wave propagates depends,on a
number of variables among which the amount of heat transported
to heat the adjacent layer of unreacted mixture is an importantone.
When a sample is prepared with a mixture of titanium and carbon
in stoichiometric proportions, at the completion of the reaction,all
the titanium and carbon will be consumedto form titanium carbide
as the product.The propagation speed thus is expected to be the
highest for a stoichiometric mixture. On the other hand, if thereis
an excess amount of titanium or carbon present in the mixture, the
excess reactant will not be converted into product.This excess
reactant, however,willabsorb energytoreducethe expediency
with whichtheadjacent layerisraisedtoignitiontemperature.39
This, inturn,will reduce the speedat which the reaction wave
propagates through the sample.The more the excess of titanium or
carbon in the mixture, the slower the reaction speed. Ultimatelya
limiting excess reactant point is reached where steady propagation
of reaction is ceased.This is known as the lean or rich limit of
mixture [33].
Having discussedtheeffectof various parameters onthe
reaction wave propagation speed, the present work will focusin
carryingoutbothnumericalcalculationsandexperimentto
quantitativelydescribetheabovevariations.The trendofthe
resultsobtainedwillbecomparedwiththequalitativetrends
discussed above.
3.4Concluding Remarks
A verticallystandingcylindricalsampleisassumedin
developingthemathematicalmodel.Variousassumptionswere
made in order to simplify the derivation and calculation techniques.
A review of chemical kinetics involving solidreactants and product
follows in Chapter 4 to replace the species conservationequation.
Equations (4.22) and (4.26) are used in place of Equation (3.3)when
using Kanury kinetic model and by Equation (4.12) when using
Aleksandrovkineticmodel.The numerical formulationandthe
solution steps are then discussed in Chapter 5.40
CHAPTER 4
CHEMICAL KINETICS
In studying the dynamics of reactions of thetype solids --> solid,
one needsto consider thermodynamics, transport phenomena and
chemical kineticsmuch as in studying any combustion dynamics.
ThethermodynamicsoftheSHSreactionsarefairlywell-
understood. The modeling of the heat andmass transfer processes
within the reactive mixtures and the determinationof the heat and
mass transfer propertiesof the involved porous materialare,in
principle, not difficult. In contrast,meager is the existing knowledge
related to the chemical kinetics of reactions involvingsolids. This, at
least in part,is due to the conceptual difficulty associated with the
very definition of a solid-phase reaction.
The combustion of condensed systems involvesa large number
of various processes which influenceto a greater or lesser degree
the rate and completeness of combustion. Theseprocesses include:
homogeneousandheterogeneousreactions;dispersionand
vaporization(sublimation) of components; diffusion and filtration-
controlled mass transfer;conductive, convective and radiative heat
transfer, andothers. The role of theseprocessesisnot uniquely
determined by the composition of thesystem and dependstoa
considerableextentoncombustionconditions(pressure,
temperature, dimension,etc.).41
Because of these fundamental difficulties, existing ideas about
the mechanism of the interaction of reactants ina SHS wave are
based on assumptions which are in the bestcase supported by data
from indirect experiments orare based on theoretical calculations,
relating the rate of combustion with the kineticparameters of the
reactants. Analogies from related areas are also widely employed.
Forexample,theideaofstrong(exponential)retardationis
developed upon the basis of the experimental results obtainedin
thestudy of theoxidation of massive samplesof metals under
isothermal conditions [46,47].
Reactions involving solids as reactantscan be organized into four
distinct groups as shown in Table 4.1[34]. In the first and second
groups, the reaction occurs eitheratthesurface of the solidor
within the pores of it.In the first group, exemplified by combustion
of graphite and of porous char in air, the product isa gas so that the
mass of the solid is gradually decreased with timeas the reaction
proceeds. The solid gradually diminishesinsizeoritspores are
gradually enlarged. In the secondgroup, exemplified by oxidation
(rusting, scaling, tarnishing) of metals and metalsponges in air, the
product is a solid so that the mass of the solid is graduallyincreased
with time as the reaction proceeds. The solidmay gradually increase
in size or its pores may gradually closeup.In both these groups, a
crucial role is played in determining the overall reactionrate by the
concentration (or concentration distribution) of the oxidantgas near
the surface as governed by the fluid mechanics ofthe boundary
layer and/or by thediffusioninthe pores. The third group of
reactions,exemplifiedbythecharringof wood,are knownas42
decomposition reactions. When prompted thermally,decomposition
reactionsarealso knownaspyrolysisreactions. Some ofthe
products of decomposition are usuallygaseous (or vaporous) so that
the mass of the decomposing soliddecreases with timeasthe
reaction progresses. The fourthgroup of reactionsareof direct
concern in this work. The reactants are all solids as alsoare all the
products. These are thus, in principle, gasless reactions.The reacting
mass remains invariant with time but the volume may change. The
effects of pressure of the surroundinggas phase and of temperature
in each of these four reactiongroups are also described in Table 4.1.
4.1Some Characteristics of SolidReactions
Only in context of the first of the fourgroups of solid reactions
identified earlier may it be possible to extend the ideasof collision
theory, as employed in gas phase reactions,to arrive at some viable
rate mechanisms. The effect of temperatureon the heterogeneous
reactionratecontinuestobedescribedbytheArrhenius
exponential. In the remaining threegroups, the detail of interaction
among the reactantsisnot so clear. Although our current interest
lies only in reactions of the type of the fourthgroup,itis worth
making the following observationson the second and third groups.
There might exist no collisionsper se. A number of molecules are
generallyheldtogethertoformthecrystallineorpolymeric
structure of a solid. To result in oxidation in which the productoxide
is a solid (i.e., thesecondgroupidentified earlier), the reactantgas43
Table 4.1.Types of Reactions Involving Solid Reactants {341.
Type of
Reactions
Effect on mass Effect of Temp.
and size andPressure
Solid+Gas->Gas
Solid+Gas->Solid
Solid->Solid+Gas
Solid+Solid->Solid
Solid mass (size) Pressureeffect
decreases. moderate tonil.
Pore size increases. Temperatureeffect
Arrheniustype.
Solid mass (size) Pressureeffect.
increases. Temperatureeffect
Poresclose-up. D(T).
Diffusion of metal
through oxide or
of gas through
oxide.
Solid mass (size) Pressureeffect
decreases. probablyweak.
Pores open up. Temperatureeffect
Arrheniustype.
Mass remains
invariant.
Structurewill
change.
Pressure has no
effect.
Temperatureeffect
Arrheniustype.44
attacks the crystalline solid eitherat the surface or, upon diffusing
into the crystal throughany existing defects in the interior. Once the
solid oxide layer isinitiated, the reaction can be continued only if
either the ionic metal is diffused outwardsto the gas or the oxidant
gas is diffused inwards to the metal across the oxide. The resistance
tothis diffusion gradually increases with timeas the oxide layer
becomes thicker. The rateof increase of thethicknessisthus
inversely proportional tothe thicknessitself sothat thicknessis
proportionaltothesquare rootoftime;thisis known asthe
parabolic law of oxidation in metallurgy [44].Itis crucial to note
that the overall chemical reactionrateis determined by a physical
process which, inthisinstance,isdiffusion.Inas much asthe
coefficientofdiffusioninsolidsisexpectedtodependon
T p[r_ temperature as D 1/2exE/(RT)], the rate of the second type of
reactionsdependsontemperatureinaninversenegative
exponential way aswell[44,45]. Although thisismathematically
similartothe Arrhenius exponential,the physical significanceis
obviously different.
In reactions of the thirdgroup, the crystalline units (or long
polymericchains)ofthesolidundergoviolentvibrationsin
response to heating. With sufficiently intense heating, the vibrations
may become so strong asto rupture the crystalor the molecule.
Suchaprocessisknownasthermalunzippingleadingto
decompositionorpyrolysis. The productsgenerallyarea lower
densitysolid and a mixture ofgases and vapors. The effect of
temperature on the pyrolysis reaction rateistraditionally taken to
follow the Arrhenius exponential law.This tradition can be justified45
by the factthatahigher temperature would leadtointensified
vibration and thereby to an increasedrupture of the molecules.
Inthesecond,thirdaswellasthefourth typesof solid
reactions, the notion of the order of the reaction,as used for gas
phase reaction kinetics, hasa rather limited physical meaning.It
does, however, serve to incorporate into therate law the fact that
the reaction would cease whenone or more of the reactantsis
depleted.
Migration of cations (along with electrons), isotopicexchange,
self-diffusionaswellasthepreferentialdiffusionalonggrain
boundaries and defects have to be considered withinthe solid phase
inorder to describe the secondas well as fourth types of solid
reactions.Theory[48,49,50]showsthetransportcoefficients
pertaining to these diffusions to betemperature dependent again in
an inverse negative exponential way.
Turning now explicitly to the reactions of thefourth group,
viz: of the type solid + solid--> solid,let us consider a powder
mixture of species A and Bas shown in Figure 4.1. The particle sizes
and the mixture ratioare presumed known. The mixture is assumed
tobe uniform. Letat any instant of time the thickness of the
product layer be 8 the left of which lies thespecies A, and to the
rightliesthe species B [34,51,52]. In orderto continue reaction
cations of A must diffuse through the growingproduct layer from
leftto right in order to permit reactionat the right face of the
product layer.If CA0 and CA are the concentrations ofthe cations
respectivelyat theleft and right faces of the layer, thediffusion
rate can be written as8(t)
Product
Layer
a'(o)ao b1(o) = b0
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Figure 4.1. A Schematic ofParticles of Reactants A andB Separated
by a Product Layer.Cm- CA
W= k P p 8
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(4.1)
where kp isthe physical rate constant, sameas diffusion coefficient
having units of (cm2/s). The local chemical reactionrate on the right
face can be written as
w"c = kcCA (4.2)
where lc,is the chemical (surface reaction) rate constant in units of
(cm/s).Equatingthesediffusionandreactionrates,thecation
concentration at the reaction site (i.e., the right face of the layer)can
be found to be:
CA = kpCAO/fkp+kc6i. (4.3)
Substituting CA in any of the rate equations and writingas the rate
of thickening of the product layer, thisrate is obtained as below
d5 [kelcpCAo]
d t [kp+10] (4.4)
where tis time. Assuming the rate constants to beconstants indeed,
integration leads to
102 + [24]S = [2kckpC (4.5)48
It is instructive to note two limitingcases:
(1) When time is small ko5 is very small comparedto kp, so
that Eq. (4.5) reduces to the so-called linear rate law.
= [kcCAo]t (4.6)
This situation occurs not only when the product layer thickness is
very small but also when kc is small. That is, when the characteristic
speed of chemistryissubstantially smaller than the characteristic
speed of physical diffusion.
(2) When kpis very small compared to kcS, i.e., when the
physical diffusion is so small as to be the only factor controlling the
reaction, Eq. (4.5) can be approximated to the followingso called
parabolic rate law
62 = [2kpC (4.7)
Thick layers, across which diffusion issignificantly difficult relative
to the characteristic chemical reaction, present thissituation. Evans
[51,52] discusses the conditions which mightcause departure from
the parabolic rate law. Reference [53] presentsa nice tutorial on this
subject.
There exists another rate equation known in metallurgyas the
logarithmic rate law. Evans [52] describesa mechanism in which
blistersmight form in the product layer. The thicker the layer, the
more proneitistoblister. These blisters form barrierstothe
diffusionofthecationsandelectrons.As thelayer growsin49
thickness, a self-inhibitive behavior isthus exhibited. The rate of
mean thickness growth rateunderthisself-inhibition mechanism
can be written as below
d5
= d tc exp[-cy'5] (4.8)
where cisaconstant. The coefficienta'independentofthe
thickness,givestheprobability[a'd8] of a blister barrier being
situated withinacertain thickness element do evolving ina time
elementdt.Integrationof thisequationgivesthe product layer
thickness as a function of timeas
15 . o'In[1+(ce)t] (4.9)
The reason for thisto be called the logarithmic rate law isself-
evident.
Figure 4.2 shows the patterns of product layergrowth as
occurring from the linear, parabolic and the logarithmiclaws. Only
the linear law involves the intrinsic chemicalkinetics; the parabolic
and logarithmic laws really describe the overallreaction rateas
controlled by physicalprocesses. When more than one physical
mechanism isinvolved,the reaction rate can be described bya
combination of the rate equations [49].Inall cases, the effect of
temperature onthereactionrateisdescribedbythenegative
inverse exponential.Time, t
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Figure 4.2 A Qualitative Comparison of the Linear, Parabolic and
Logarithmic Rate Laws [34]51
4.2Existing Models of Gas less CombustionKinetics
The foregoing introductionto solid reaction kinetics serves as a
basis of discussion of the kineticrate equation for self-propagating
high-temperaturesynthesisreactions. Among thefactorswhich
make a study of the SHS kineticsdifficult are the: high rates of local
heating ( > 107 K/s),steep temperature gradients( > 107K/cm),
isolation of the reactants bythe products layer and phase-changes
ofthereactantsand/ortheproduct(s).Thusthe SHS kinetic
hypothesescanbeverifiedatbestbyindirectexperimental
observations. Some of theexistingkinetic models arediscussed
below in the light of the fundamentalspresented above.
Merzhanov Model
Merzhanov[54,55]adaptsEq.(4.8)todescribethe SHS
kinetics as below.
at fko exp[-E/(RT)] }exp[-13'1] (4.10)
where t is time, lc()is a constant for the system under consideration,
E is activationenergy, R is universal gas constant, T is absolute local
temperature,[3is the self-inhibitionconstant and riis the extent of
reaction defined as11 E 8/w, where 8isthe product layer thickness
and w isthe maximum value that 8can achieve.If the reaction
produces little change in density,then w represents the size of the
reactant particles. From the view pointof Figure 4.1, w will be52
(ao-b0). rl = 0 denotes the state of the initialreactants while 11 = 1
denotes that of the final product(s).
Equation (4.10) is applicable to SHSprocesses if the products
(and some of the reactants) neither meltnor vaporize at the process
temperatures. These systems,ingeneral,are heterogeneous from
both thermal and chemical pointsof view.Iftheparticlesare
sufficientlyfine,the temperature gradients within the particlescan
be reducedor even beeliminated. The chemical heterogeneity,
however, persists independent of the particlesize;the furtherance
of the reactionis contingent upon diffusion of thereactants across
an ever-growing product layer.
Equation (4.10) is anticipated to be invalid if theproduct layer is
not a continuously thickening solid. Thismay be the case
well-knownsituationsof metalreactionsin
either forms bridges and filaments betweenthe
in such
which the product
reactant particles or
is ruptured and decomposedas soon as it is formed.
Hardt and Phung Model:
The growth of the inhibiting product layeris depicted by Hardt
and Phung[22]slightlydifferently.Lettheadjacentreactant
particlesbe represented ideally by alternate parallellayers of A
and B. Let ao and b0be theinitialthickness of these alternating
layers, respectively representingparticle sizes of species A and B.
referring to Figure 4.1,as the product layer thickness 5 increases, so
the reactant layer thicknessa' and b' decrease with time. The rates
of change of a' and b'are related by stoichiometry according to
db'/dt = [-(bo/a0)dat/dt]. Therate of increase of the product layer53
thickness d8/dt is thesum of the rate of diminishing of layers of a'
and b'. Thus, d8/dt= [- da' /dt- db' /dt].Finally, the rate of diffusion
across 5 gives the rate of consumption of Aas da'/dt = - (D/5) where
D = Do exp[-E/(RT)] is the coefficientof diffusion of species Aacross
the product layer. Combining theserelations,
aTsr,b
[SJ
Defining the extent of reactionri = 8/(ao+bo), the following parabolic
rate equationis obtained.
1 rp
11
a
r
L = +bo]J J exp[-EgRTA (4.11)
Aleksandrov and Korchagin Model:
According to the experimental observationsof Aleksandrov &
Korchagin [12] one of thereactants (say species L) melts and flows
aroundparticlesofthesecondreactant(sayspeciesS).
Simultaneously, a reactionoccurs at the surface of species S to form
an intermediate product I.Species L diffusesacrossIto continue
the reaction with S at the innersurface of I. Under the influence of
speciesI formation at the inner surfaceand its dissolution into the
liquid L at its outer surface, thethickness of the layer of 1 is found
to remain constant.
Two factors contributeto a gradual reduction of the reaction
rate:first, the surfacearea at which the reaction occurs is gradually
decreased. Second, the concentrationof species L in the outer melt is54
gradually reduced due to continuous dilution with the intermediate
speciesI. With ridefined as the degree of tunsformation of the
refractory component varying from 0to1,thearea of reaction
surfaceArisexpectedtobeproportionalto[1-1 ] 2/3.The
concentration of species L in the outer layer is expectedto decrease
as CL cc[1-i ]. Thus the reaction rate equation dii/dt(Ar)CL can be
written for a mixture which isinitiallystoichiometric, and whose
particles are spherical, as
at= fko exp[-E/(RT)]) [1-rfl513
Let m be an index equal to 0,1and 2 respectively for a plane,
cylindrical and spherical shape of the reacting particles. Thenthe
Aleksandrov and Korchagin model gives the generalrate equation in
the form
a
{ko exp[-EART))) [1-wn][1-rdm/(m+1) at (4.12)
where µ is the composition factor of the mixture,equal to the ratio
ofthecoefficientinfrontofthemelting componentinthe
stoichiometric reaction equationtothe molar coefficientforthis
component in the given mixture.[1-1.tri ]is always less than 1. The
precise meaning of [1-1.tri] whenµ < U is unclear. stoichiometric55
Kumar, Puszynski and Hlavacek model:
The model is based [31]on the assumption that the overall
reaction rateis proportional to the surfacearea of the fraction of
unreactednonmelting componentandthatthenucleationstep
occurs almost instantaneously.Insome casesthe morphological
structure of the nonmelting reactantas well as the formed product
is porous due to the nature of the reactionor due to development of
cracks due to large thermalstresses. This gives good access to the
liquid reactantinto the unreacted core of the second reactant. This
limits the process of diffusion through theproduct layer in order to
continue the reaction. The effect of diffusionthrough the product
layerislimitedtothe diffusion throughthe submicron product
layers formed on micrograins of theporous particle.
If the reaction is describedby
/ L(solid, liquid and/or gas) +s S(solid)---->P(solid)
The reaction rate at the interface reads
dNL CLR = k0 exp[- E /(RT)] 47c rc`
ML d t
The molar rate of consumptioncan be thus expressed as
1 dNs 1 dNL P S 2dr
sdt 4n r /dt Ms dt
(4.13)
(4.14)56
Where, ML and Ms are molecular weights of reactants L and S in
(g/mole); ps is the density of the nonmelting reactant(g/cm3); ko is
thepre-exponentialfactor(cm/sec); Eistheactivationenergy
(J/mole); R is the universal gas constant (J/mole K); s and I are the
stoichiometric coefficients; Rp is the average particle radius (cm); rc
isthe reaction front interface position (cm) and CLR
concentration of the more "mobile" reactant (g/cm3).
Defining the extent of conversion of the solid particle as:
trc \3
rl I Rp)
is the initial
such that fivaries from 0 at the beginning of reaction to1at the end
of reaction and rearranging the Eqs. (4.13) and (4.14) the kinetic
equation can be obtained as
3 s Ms ko exp[-E/(RT)] CLR 0.667(4.15) dt / NIL Ps RP
One of the major weaknesses of this model is the assumption of
no diffusion through product layer,i.e.,itcan only be used for
highly porous nonmelting particles. The effect of dilution with inert
isintroducedonlybyappropriatelychangingtheenthalpyof
reactionof themixture. The effectof themixture-ratioof the
reactantsisnot properly addressed. According to Eq.(4.15)the
reaction rate decreases as the stoichiometric coefficient a increases.
This represents the rich L case. On the other hand, for deficient L
case the reaction rate continuously increases as a decreases. Thus, it57
can be concluded that the model is valid only for stoichiometric and
rich L cases but not valid for deficient Lcases.
Another form of kinetic rate equation which appeared quite
frequently in the literature is givenas below
fin
d t= k0 exp[- E /(RT)] (1-11)n
where11is the extent of reaction, varying from 0at the start of the
reactionto1when the reactionstopsandallthe reactantsare
convertedintoproduct,andndefinestheorderofreaction.
Merzhanov[2]and Holt [19]usedthisequationtodescribe the
kinetics of SHS reaction. The obvious limitationsof this expression is
itsinabilityto address the cases with different reactant mixture-
ratios and inert dilution. Although itcan be used effectively if the
value of n is obtained empirically.
Kanury, Huque and Guerrero Model:
A model is developed [56]to represent the kinetic rate equation
foran SHS processbasedonfundamentalideas.Thismodel
incorporates the effects of dilution with theinert product.It also
shows the effect of the mixture-ratio forthe cases of both excess
and deficient reactants. The model isbased on the mechanism as
experimentally observed by Aleksandrov andKorchagin [12]. This
mechanism suggeststhat one of thereactantsmeltsand flows
around the second nonmeltingreactant. The reaction takes place on
thesurfaceof the nonmelting reactant. An intermediateproduct58
layerisformed andthereactant which meltedhastodiffuse
throughthislayerinordertocontinuethereaction.The
intermediate product continuously formson the inner surface and
gets dissolved on the outer at sucha rate that its thickness remains
almost constant as shown in Figure 4.3.
Let a general SHS reaction instoichiometric proportion is described
by
sS + /L> pP (4.16)
where s kmol of thereactant S (non melting reactant) reacts with 1
kmol ofreactant L (reactantwhichmeltsduringthereaction
process) to produce p kmol of theproduct P. For a titanium and
carbon system S is carbon, L is titaniumand P is titanium carbide
and the stoichiometric coefficientsare s = 1 = p = 1.For a titanium
and boron system Sisboron, L istitanium and P istitanium
diboride, TiB2 and the stoichiometriccoefficients are s = 2, / = 1 and
p = 1.
Let us assume that the diameter ofa particle of reactant S be do
atthe begining of reaction andat any instant of time after the
reaction began is givenas d, a function of time,as shown in Figure
4.3.Consumption rate of S is then givenas
Consumption rate of S
1d icd3
Ms d tPs 6 (4.17)
To find the diffusion of cationsof L across the intermediate product,Intermediate
product CTim = 0
CTim
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Figure 4.3Schematic of Titanium and Carbon Reaction Mechanism.60
let us assume that the ion concentration of Lon the outer surface of
surface of the intermediate product is CLm,a function of time. And
let the concentration of Lon the inner surface be zero because of
fastsurfacereaction.The equation describing the concentration
variation of L in the thickness of the intermediate product is
d dCL
r2 dr[r2d r= 0 (4.18)
Since both the driving force, i.e, the concentration differenceas well
as the resistance, i.e, the thickness of the intermediate layer through
which cations of L isdiffusing,isdecreasing with time, a steady
diffusion isassumed. Therefore to obtain the concentration profile
the steady equation is employed.
The boundary conditionsare
atr =
d
2 CL= 0
atr = 2 + 5 C= CLm
where 5isthe thickness of the intermediate product layer. The
solution is
CLm d (d+28)2 1
CL= (d 4 8 (4.19)The liquid diffusion rate is
dC D CL.,
4irDr2d r
L= icd (d+28)
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(4.20)
Where D is diffusion coefficient of the ions through the intermediate
product layer. From stoichiometry, the molar consumption rate of
the solid particle and the molar diffusion rate of the liquidreactant
through the intermediate layer (for very fast surface reaction)are
related as
11d ird3\ 1 DC,
Ms d t
r
Ps 6)= = (d+28)
Let us define the following:
(4.21)
d3 Dot 8 Lm
d0 CLmo = 2
13d
0
whereAisthenondimensional volumeofaparticleofthe
nonmeltingreactantSanddoisits diameter at the start of the
reaction, D is the nondimensional concentration of liquidreactant in
the outer melt,tiis nondimensional time and13is the ratio of the
thicknessof the intermediate product layer and the instantaneous
diameter of the solid particle and is assumed to bea constant. This
isin contrast with Aleksandrov model where the thickness 8 of the
product layeris assumed constant throughout theprocess. As the62
reaction proceedes, the diameter of the solid particle continuously
decreases to reduce the reaction surfacearea.Inthis model, the
thickness of the intermediate layer is assumed alsoto decrease with
the solid diameter such that their ratio remainsconstant. Therefore
when the solid is completely consumed, onlya small amount of the
intermediateproductisleft.A and (1)arefunctionsof time.
Substituting these definitions, Eq. (4.21)can be rearranged to
dA s 6(1 + 213) D 1
D Ac
PS
Lmo
Again defining D/Do = exp[ -E /RT] [22] as the nondimensional
coefficient of diffusion we have
dA s 6(1 + 2(3) ms A113 c = Lmo (it 13 Ps
(4.22)
We nowhavetwounknownfunctionsoftimeti ,the
nondimensional concentration of liquid reactant in theouter melt,(1),
and the nondimensional volume of the particle of the nonmelting
reactant, A. In order to solve for the two unknownswe need another
equation.Thesecondequationcomesfromthefollowing
considerations:
At the start of reaction considering Eq. (4.16)we will have s
kmol of S,al kmol of L and by kmol of P.aisacoefficient
describingif the mixture isrich in any of the reactants.If the63
reactants are in stoichiometric ratio a= 1. Similarly b is a coefficient
showing if the initial mixture is diluted with inert product. If there
is no dilution than b= 0. For 1 mole of S we will have in the starting
mixtureal /s mole of L and bpls mole of P.Therefore just as the
reaction starts, we have
ndo3 13.1
6Msmoles of S;
ndo3 Ps
moles of P. 6Ms s
ndo3 Psal
6 Mssmoles of L; and
At any time greater thanzero after the reaction starts, the moles of
S consumed are
7r Ps
6 M(d 03d3)
S
where, disthepresent diameteroftheparticleofSFrom
stoichiometry for each mole of S consumed, //s moles of L is also
consumed and p/s moles of product P is produced. Therefore the
moles of reactant L consumed and the moles of product Pproduced
are given by
It Ps
Ni 3d3) and
s 6 Nis (d0 Ps
c1 a
(d03d3)
s64
Therefore, at any instant of time, the moles of S remaining in the
mixture is
nd3 Ps
6 Ms
Moles of reactant L remaining in the mixture is givenas
ndo3Ps
6Ms(a -1) s +nd3 Ps /
6 Ms s
and the moles of product P produced is givenas
nom (b+1)End3 Ps
6 M s6 M s
Similarly the volumes of the reactants S and L and theproduct P at
that instant of timecan be obtained by multiplying the number of
moleswiththeratiooftherespectivemolecular weightsand
densities. Thus the volumes of S, L and Pare given respectively as
follows:
nd3
6'
nd 3 ps nd3Ps
11ML [°
` ) (a-1 )+ 6Ms si
L65
and Ps ritd.3
(b + 1)
7L3 p_MP
6Ms s6 Mssp
Thus the molar concentration ofthe liquid reactant L at the outer
melt is given as
CLm
itc103Ps 1ird3 Psl ML"03 Ps nd3 PsP MP
[6 M (a-l)s+ 6 M] [ (b+l)s-
6
An.] SsPL 6 MS " 'S'Pp
nd 3iN /nd 3Ps/
-K4-6`-s ( a- 1 )+
Dividing throughout by (ndo3/6)(Ps/Ms)(//s)we have
CLm
(a-1) +(t)3
[(a-1)+(S-1)3] ML+ [(b+1) +:4-1)3] 1\/131 PT do
rL u0 t
Substitutingtheexpressionfornondimensionalvolumeofthe
nonmeltingparticleasbeforewegettheexpressionfor
concentration of L at any instant of timein the outer melt as follows
CLm
(a-1) + A
,M,
[(b +1) [(a-1)+ A] = +b+1)A]
MPP
pL Pp
(4.23)
Similarly the concentration ofproduct P in the outer melt atany
instant of time can be obtainedasCpm = (b+1) -A
IMLr M, [(a-1)+ + [(b +1)Al
P PL Pp
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(4.24)
At the beginning of the reaction d= do and hence A = 1. Therefore,
at the initial condition the concentration of Lin the outer melt is
given as
CLmo
a
aML
+bP P
PL Pp 1
(4.25)
Now substitutingEqs.(4.23)and(4.25)intheexpressionfor
nondimensional concentration of Lwe get
[(a-1)+ A] [aMI'+ bM p P
1 0
CLm pi. Pp . r, = (4.26) CLmo
a{ [(a-1)+ A]ML+ [(b+1) - A]M P p
1
}
PL Pp
Equations (4.22) and (4.26)are the two equations expressing the
concentrationoftheliquidreactantandthevolumeofthe
nonmelting particle which needto be solved as functions of time in
order to get the reactionrate.
A solution of Equations (4.22)and (4.26) has been carried out
numerically for a titanium+ carbon system, s= l =p =1. A standard
condition was first definedas the case in which the initialmixtures67
of titanium and carbon is stoichiometric; and there isno dilution of
the reactants with the inert product; this correspondsto a equal to1
and b equal to 0; X is also taken to be equalto1 and the value of 13
is taken as 0.0025 to be within therange suggested by Aleksandrov
and Korchagin [12]. The values of ML/pL, Ms/ps and Mp/pp, where
L,S, and P now represent titanium, carbon and titanium carbide
respectively,aretaken from Table1.1.Figure4.4 showsthe
computed nondimensional volume of the carbon particle and the
nondimensional concentrationof titaniumintheoutermelt.As
expected,both A and (1).approachzerovalueatlargetime
simultaneously. Figure 4.5 gives the rate at which A and' change
for different values of p. An increase in 13means an increase in the
thickness of the intermediate product layer. Since titanium hasto
diffuse through this layer in order to continue reaction,a thicker
layer means more resistanceto diffusion and thus slower reaction
rate.
Figure 4.6 shows theeffect of temperature on the reaction
rate. We recallthat the rate of diffusion of titanium follows the
Arrhenius law. As X increasesthe rate of diffusion also increases
due to increase in temperature. This increased diffusion makes the
reaction faster. This phenomena is clearly depicted in Figure4.6.
A nonzero value of b suggests thepresence of an inert diluent
in the initial reaction mixture. Assuming that thisdiluent is present
in the outer melt, a higher value of b willindicate a lower value of
V. This means a reduction in the driving force fortitanium diffusion
through the intermediate layer. Figure 4.7shows a plot of A and (I)
v s T for b = 0 and 0.8. It is clear from the plot thatas b increases the1.0
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rateof reaction decreases primarily duetothe reduced driving
potential for titanium diffusion. As mentioned earlier, ifa equals to
1,the reactants are present ina stoichiometric ratio. On the other
hand a greater than1represents titanium-rich case and a less than
1represents carbon-rich case. Figures 4.8 and 4.9represent these
resultsof titanium-rich and carbon-richcasesrespectively. From
Figure 4.8it can be seen that as'a'increases, the volume of the
carbon particle reacheszero first and the concentration of titanium
reachesaconstantvalueatthisconditionsuggestingthatthe
reaction has stopped becauseone of the reactants(i.e.,carbon) is
completely consumed.Justtheoppositecanbeobserved from
Figure 4.9. As'a'decreases the concentration of titanium inthe
outer melt reaches a zero value earlier. At that instant the volume
of the carbon particle reachesan asymptotic value suggesting that
thereactionhasstopped duetothe complete consumption of
titanium.
This model, addresses explicitlythe reactant mixture-ratio and
the presence of an inert diluent.Italso contains thesizeof the
nonmeltingparticleinitsexpression. The model can be easily
integratedintotheoverallmodel describingthereaction wave
propagation. One of the aspects which themodel does not address is
the particle size of the meltingreactant in an SHS system. Also the
model is based on the assumption thatthe shape of the nonmelting
particle is spherical. In thecases of dilution of the reactants with an
inert it assumes the diluentto have melted and is present with the
liquid in the outer melt. The modelalso does not account for phase
changes.Inspiteofthesesimplificationsthemodelretainsthe1.0
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essence of the experimentally observed physics involved in SHS
reaction mechanisms observed by Aleksandrov andKorchagin [12].
Itis also more complete in describing the effectsof various system
parameters. We will, therefore, adopt this model inour theoretical
work.
4.3Adiabatic Reaction Temperature
Before solving the above equationswe discuss here about the
adiabatic reaction temperatures. Supposewe start witha reacting
mixture of 1mole of solid reactant, a mole of liquidreactant and b
mole of product givenas below
S+ aL + bP
We may have the followingcases:
(a) If a < 1, The mixture is rich in S and thereaction equation is
given as
S+ a L +b P---->(1-a) S+ (a+b) P
and the adiabatic reactiontemperature can be calculated from the
following expression
a he
Tf,adiabatic= To +(1-a) Cps + (a+b) CpP (4.27)7b
(b) If a > 1, the mixture is rich in the meltingor liquid reactant. The
reaction equation is givenas
S+ aL + bP---->(a-1) L +(b+1) P
and the adiabatic reactiontemperature can be calculated from
he Tf,adiabatic= To +(a-1) Co, + (b+1) Cpp (4.28)
Foramixtureinstoichiometricproportionandwithno
dilution the above relations boil downto
Tf,adiabatic =T0 +---c-c
p
where thespecificheatsofthereactantsandtheproductare
assumed to be same and constant.For non-stoichiometric mixture
ratios but with no dilution the equations boildown to
a he
Tf,adiabatic =To +
CP
Tf,adiabatic =To
he
+a C
(rich in solid reactant)
(rich in liquid reactant)77
where again the specific heatsare considered same and constant.
For mixtures with stoichiometric ratio but withdifferent levels of
dilution the reaction temperaturecan be expressed as
he
Tf,adiabatic=To +(1 + b) Cp
where Cp is the constant specific heat of theproduct.78
CHAP'T'ER 5
NUMERICAL MODEL
5.1Discretization of Governing Equations
The governing equations describing propagation ofa reaction
front along the length of the cylindricalcompact are represented by
a parabolic partialdifferential equation (Eq.3.4) coupled with an
ordinary differential equation (Eq. 4.22) andan algebraic Equation
(4.26), along with the boundary and initialconditions described by
Equations (3.5a), (3.5b), (3.5c) and (3.5d).When using Aleksandrov
kinetic model the reaction propagationisdescribed by Equations
(3.4) and (4.12) along with Equations (3.5a),(3.5b), (3.5c) and (3.5e)
describing the boundary and initial conditions. Dueto high values of
both heat of reaction and activationenergy, the reactionfrontis
relativelysharp.Withinthereactionfront,thesolutionvaries
rapidly over a thin region.
For numerical formulationwe first divide the computational zone
into a number of finite volume grids called cellsas shown in Figure
5.1. The conservation lawsare then applied to each finite volume
cellto arriveat the discretized form of the governing equations.
Thisisincontrast withdirect finitedifferencingof the energy
equation. Although thediscretized equationsaresame by either
approach,thefinitevolumeapproachmakesthehandlingof
boundary conditions easier.79
Before proceeding further letus define the term finite-volume
connectors,Ci,j,as those which relate the fluxes between adjacent
computational cells[39]. Figure 5.2 illustrates these connections for
a generic 2-dimensional grid system. This layoutisvalid for any
orthogonal, 2-dimensional grid system regardless of the coordinate
system usedfortheanalysis.Featuresofaspecificcoordinate
system such as cylindrical, polar or spherical, are implicitly included,
in the connections Cij.
I,j
x
Figure 5.1.Control Volume Grid System for Cylindrical Coordinate.
Applying the energy conservation lawtothefinite-volume
computational celli,j and writing in flux form we have
(Ti it+At -
pVi jCp
At = JT1,i-1,jt)
+ (5.1)80
where the fluxes ki,j are definedas
JT1 ,i,j=HT1 ,IJA1,j,j( T1+1 Lit) (5.2a)
HT2,i,1A2,i,j(Ti,j+1 tTip (5.2b)
=HT1,i-1,jA 1 ,i-1,j(Ti,jtTi-1 (5.2c)
=HT2,i,j-1A2,i,j_i -Ti,J 1t) (5.2d)
The subscriptsi and jare used as the counting indices for the grid
system in the two coordinate directions. Subscripts1and 2 are the
coordinate indices in the axial and radial directions respectively.
In Equations (5.2a) through (5.2d), Hijis the overall conductance
between two adjacent cells and are defined as
HT1 i,j
2
AxiAxi+1 2_
Ki Ki+1+ hi
HT2,i,j
2
AxAxi+i 2
Kj Kj+1
+
h.
2
taxi 2
Ki h1-1
(5.3a)
(5.3b)
(5.3c)81
T-
1-1 .1
i-1
Figure 5.2.Five Point Finite Volume Connector Stencil.HT2,i,j-1
82
2
(5.3d) Axi_iAxi 2
Ki_1 K hj-1
where K is the thermal conductivity and his the convective heat
transfer coefficient. For our case we willassume that there is no
convective heat transfer between adjacent cells except at the
boundary of the cylinder. The connectorsare then written as
C HT1 ,i-1,jA1,i-1 ,j
C2,i,j =HT2,i,jA2,i,j
C,j_=
(5.4a)
(5.4b)
(5.4c)
(5.4d)
Theenergyconservationequationforthefinitevolume
computational celli,jcan thus be written in terms of connectors as
p V,
(1-Lit+At-Lit)
At = it) 1,1(Ti,jt ,F)]
- + V iS,j (5.5)
Collecting like-terms yieldsp V iJC p
t+At - Ti
At C1,i,jTi +l,jt+ -1,iT i-Jt
C 2,i,j-1 Ti,j-1 t [C1,1,j + Cl ,j-1,j + C2,1,j+ C2,j,j-1 ]ri,jt+ Vj§i,j
83
(5.6)
We know from Chapter 3 that for Kanury kineticmodel the source
term can be expressed as
dcD
PhOdt
Where his the enthalpy of reaction.Substituting in Eq. (5.6) we get
(T
PVi,jcp
it+At - Tip
At Ci,i,jTi+i,jt +C1 i1,jTi 1,jt+C2,i,jTi,j+1t +
del)
C 2,i,j-1 Ti,j-1 t + Cl ,i-1,j + C2,i,j + C2,i,j-1]Ti j V1,1 Phc dt(5.7)
Let us now define the following:
PVidCp=
1
B
+ + C2,i,j + C2,i,j-1] Dp
With these definitions Equation (5.7)can be rearranged toTi,jt+At=Tj,it+({Ci jiTi+Lit+ C1i1,jTi 1,jt+C2,i,iTi,j+1t +
DpTi -
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dc1)
phc (TO BAt (5.8)
Thespeciesconservationequationortherateequationare
described by Equations (4.22) and (4.26)as given in Chapter 4. For a
titanium and carbon system the values ofs,l and p are all equal to
one. Rewriting Equation (4.22) for titanium and carbonsystem and
in terms of real time twe get
aA 6(1 + 2[3) Mc D A1/3(1)CLmo =
at 13 Pc dot
Defining the coefficient of diffusion Das Doexp[-E/RT] as given by
Hardt [22] we have the above equationas
aA 6( 1 + 2p)MCDoexp[-E/R-r]A113(13 CTImo
at Pc dot
Therefore in fully discretized formwe have for the i,jcell
(5.9)
tit\i/3 t
6(1+213) MeDoexp[-E/RT. t+At
. = (At) Alj Alj
if.CTimo
13 PC
dot
(5.10)85
[0_0A.t+et] [aMTi MTiC
t+,6,t= PTi PTiC (5.11)
A iit+,6,1 -t+,,t]MTiC a + [(a-1) MTi+[(b+1)
PTi PTiC
jt+At
+ 11.-rrn
-r
1,1,jIi+1,jt+ Cl ,i-1,jTi-1,jt+ +
DpT Vi,j p h
43,it+At
At
} BAt(5.12)
Equations (5.10), (5.11) and (5.12) are the discretized form of the
governingequationsappliedtoeachfinitevolumecellofthe
computational zone using Kanury kinetic model.
Thecompletesetofdiscretizedequationswhenusing
Aleksandrov kinetic model are given similarly as
T.jt+At
02,i,j- 1 T
ilijt+At=
+{[C1,1,JT,it+ +C2,i,jTi,j+1 t +
t+At t
Dp
j
At
i Vi p he } BAt(5.13)
(At)ka exp[-E/(RTip] jt
m /m +1 (5.14)86
Equations(5.13)and(5.14)formthecompletesetof
descritized equations using Aleksandrov kinetic model.
5.2Boundary Conditions
The connectors developed forthe finite-volume equations
provideaconvenient,flexibleand powerful mechanismtoset
boundary conditionsof any type[391. The reasonthatitisso
powerful isthat one can manipulate a variety of parameters within
theconstructionoftheoveralltransfercoefficient,Hi,j, and the
source term, Si j'", to account for a desired effect.
Intransport processes we normally encounter two types of
boundary conditions: namely the Dirichlet condition by which the
variablessuchastemperaturetakesaprescribedvalueonthe
boundary; and the Neumann Condition by which gradient of the
variableisprescribed on the boundary. In handling the prescribed
temperature boundary condition the temperature must be specified
atthecellsurface.ReferringtoFigure5.3 we know thatthe
influence of the boundary temperature, TBon the temperature T1 is
incorporatedintothe computations throughtheoveralltransport
coefficient at the boundary, HB. This coefficient is definedas
HB
2
AxB O x 1 2
Le--r.E3+
K1 hB
(5.15)
where hBissurface heat transfer coefficient and is applied between
the boundary temperature, TB, and the actual cell surface. In sucha87
situation, TB would be the ambienttemperature or temperature of
the environment and hB is the convective transfer coefficient. In the
above coefficient the boundary temperature, TB, is assumedto be at
the center of the boundary cell which has thermal conductivity, KB.
If the boundary temperature is assumed to be at the cell surfaceas
shown in the figure 5.3, the overall transport coefficient would be
HB
Axi 2
Ki hB
2
(5.16)
Since computationally, we want to developa logical procedure that
treatsallconnectionsthesame once we getintothenumber
crunchingphaseofthecomputer program, we havetomake
equation (5.15) to be equivalent to equation (5.16). Thiscan be done
in two alternating ways
setting AxB = 0
setting KB=a big number 1030
The secondalternativeispreferredsinceitiscompatible with
irregular boundarylogicandalso we havetospecifythermal
conductivity of each cell anyway.
In order to handle prescribed flux boundary conditions, suchas
the cases ininsulated or peripheral heat loss boundary conditions,
we are going to proceed by absorbing the flux into the source term,
S if, and setting the boundary connectionsto zero or some small
number. This may appeartobe contrarytothe physicsatthe
boundarysinceazerooverallheattransfercoefficientatthe88
boundary implies zero heat flux. Howeverwe know that we have
not zeroed the flux, we have merely shiftedit,letting the source
term partially play the role of a flux. To implement this procedure,
we need tofinda way to zero the boundary connectionina
systematic way. Referring again to Figure 5.3,we have the general
overall heat transfer coefficient at the boundary given by equation
(5.15).In order to make the boundary connector zerowe have to
make HB
A XB x2
T
1 T2
K1 2
hB JB
AB
HB
Ji
Al
H1
Figure 5.3.Finite Volume Boundary Cell Stencil.
equal to zero. We could set HB0 by either of the following actions:
setting
setting
KB=a small number=10-30
hB=a small number=10-3089
The first optionisthe best approach since we need a value of
thermalconductivityatallcellsanyway,andusingthefilm
coefficient would require additional logic. Moreover inour study we
assumenoconvectionbetweenadjacentcellsexceptatthe
boundary.Therefore,theprocedureforimplementingthe
prescribedfluxboundaryconditionistosetthethermal
conductivityatthe boundary as KB=10-30 and absorbing the
boundary flux inside the source term by defining
Ju-=
where8i j'"is the modified source term. If the flux iszero and there
is no internal generation than = 0.
We note that all of our boundary conditionsare prescribed flux
conditions, three of them beingzero flux and the fourth one being
heat loss from the periphery of thecylindrical sample. Therefore,
the complete numerical formulation consists of the discretized form
of the energy conservation equation given by Equation (5.12) and
discretized form of the two equations describing the reactionrates
given by Equations (5.10) and (5.11). The discretizationwas done in
anexplicitformulation.Sincethetemperature and concentration
gradients near the reactionfrontisvery steep a very small time
step is needed which is much below the maximum stable time step
required by thestabilitycriteria, hence justifyingtheuse of an
explicit formulation.90
A computer program was written in FORTRANto solve the
discretized equations and is listed in Appendix A. The codewas run
in a VAX (FPS) computer at the Oregon State Universitycomputer
center running with a VMS operating system. The results obtained
by running the code are presented in Chapter 7.
5.3Input Parameters
An important internal parameter of theprogram isthe size of
the grids or the cells. This value is chosento correspond to the
physicalsystembeing modeled. The powdersused duringour
experiments were, titanium of -200 mesh and carbon graphite of
325 mesh which correspond to 74 and 44 microns respectively. In
orderforthetitanium carbidereactiontooccur,aparticleof
titanium and carbon both must be presentinthecell.For this
reason the grid size was taken to be 118 microns. The effect of
reacting particle sizes on the propagation speedmay be obtained by
changing the grid size.
The explicit solution is stable if the following stability criteria
is met
max f 2BAtDp I 1
where B and Dp are already defined earlier. B and Dp contain the
properties and thegridsizes.For every runthe program itself
calculatesthe maximum stable time step required for thepurpose
of stability. A typical value is 0.006sec. Thus to ensure stability the91
time step has to be less than 0.006sec. Since the continuous time
variableisapproximated asaseriesof discretized intervals,the
smaller the time interval the better the approximation. Severaltest
cases withthestandard conditions were run withdifferent time
steps and the results are plotted in Figure 5.4. From the plotitis
clear that the result does not change noticeablyonce the time step is
reduced below 0.00001 sec. Therefore forour computer calculations
we used a time step of 0.000005 seconds.
Fromtheexperimentsitisobservedthatthecompact
increasesinvolume afterreaction. The swellingisfoundtobe
mainly inthe axialdirection. Examining the quenched samplesit
was clear that the swelling occurred after reaction, may be due to
outgassing.Inthe model thisswellingeffectisincorporated by
using variable gridsize. The gridsize inthe product zone was
appropriatelychangedtoaccommodate theswelling. The results
obtained werenotnoticeablydifferentthanusingconstantgrid
sizes.
Another issue is the effect of melting of the titanium. From the
study of the reaction mechanism itis concluded that the reaction
starts only after titanium melts. The melting worksas a heat sink,
reducing the amount of energy availableto be transported tothe
next layer. The heat of fusion of titaniumis323.6 J/g whichis
approximately 10% of the enthalpy of reaction. The value of Cp of
titanium is not found to vary significantly above about 1200 K. Thus
melting is not assumed to effect Cp. Thus the only effect melting has1.16
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isto act as a heat sink. This iseasily installedinthe model by
multiplying enthalpy of reaction byappropriate coefficient.
Other constant kineticparameters usedinthe program are
given in Table 5.1. The values of activationenergy, enthalpy of
reaction and diffusional preexponentialfactor are reported by Hardt
and Phung [22] andare used when using Kanury kinetic model.
Preexponential factor ko is used in Aleksandrovkinetic model. The
value of kois chosen such that the propagation speed forstandard
condition gives same value for both kineticmodels. This is done in
order to compare the trends given by thetwo kinetic models.
Table 5.1.Values of Constant Input Parameters.
Parameters Numerical Values
Activation Energy, E
Enthalpy of Reaction, he
Pre-exponential Factor, ko
Diffusional pre-exponential factor,
138,000 J/mole
3,082 J/gm
3.25 x 1051/sec
Do2.04 x 10-3 cm2/sec94
CHAPTER 6
EXPERIMENTAL APPARATUS AND PROCEDURE
6.1Experimental Apparatus
An experimental investigationwas carried out to measure the
variationoftheself-propagatingreaction waveasaffectedby
varioussystem parametersduringthecombustivesynthesisof
titanium carbide. Effortsarealso made to experimentally identify
conditions of quenching due toexcess reactants and to dilution with
an inert. Figure 6.1 shows a photograph of the experimental setup.
A schematic of the setup is shown in Figure 6.2.
6.1.1Reaction Chamber
The reaction chamber consists ofa 5 mm thick glass bell jar of
base diameter 0.61 m and height 0.61m mounted on astainless
steelbase. The belljar could be easily removed from the base.
During an experiment thebelljar can be putinposition with a
rubber gasket layered with a thin layer of highvacuum grease on
thesteelbase,inorderto make the chamber leakproof while
vacuuming and during subsequent synthesis. The baseisprovided
with two leadsforelectricalconnections from outsidetosupply
power to the heating coils from the power source. The chamber has
eight port openings of which twoare usedtolead thermocouple
wires. One port is used to connecta pressurized argon gas cylinder
toprovidetheinertatmosphere during synthesis.All the unusedFigure 6.1Photograph of the ExperimentalSet-up.Steel Base
Thermocouples Ignition
Lava Base
Coil
r r
Sample
96
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Figure 6.2. A Schematic of the Experimental Setup.97
ports weresealedwith high-temperatureepoxy. The chamberis
connected with a CENCO HYVAC 7vacuum pump with a rated motor
horse power of 0.33 hp. Thepump has a capacity of pumping 35
liter/min at a pressure of 1millitor. The rated speed of thepump is
525 rpm. The reaction chamber isalso connected with CENCO
thermocouple vacuum gage, adjusted andcalibrated for immediate
use from the company. The gage is capable of measuringpressures
inthe range of1to1,000 militorr.In about 30 minutes running
time of the vacuumpump during a typical experiment, the vacuum
pressure gage shows a pressure of less than 200 militorr.
6.1.2Ignition Coils
In order toignitethe powder compact, heating coils made of
tungsten were used. The high melting point oftungsten isits main
advantage. The coils are manufactured and suppliedby R. D. Mathis
Co., Long Beach, California. Coil wirediameter was 0.102 cm. A
nomograph of theheatingcoilassupplied by the manufacturer
suggests that to obtain a temperature of 2,700 °C,a current of 65
amps at 24 Voltsisto be suppliedto a coil of 0.102 cm wire
diameter. Two sizes of coil,one with a diameter of 1.27 cm and the
other with 2.22 cm, were used for sampleswith different diameters.
6.1.3Power Supply
Energy was suppliedtotheignitioncoil bya power source
named Sureweld, model S409794,manufacturedby Chemetron
Corporation. The machine could be used forboth AC and DC modes.
The voltage rating for both the modeswas 25 Volts. The current98
rating was 40-150 Amps for DC modeand 60-180 Amps for AC
mode. The input power to the heatingcoilcould be controlled by
controlling the current supplied.
6.1.4Data Acquisition System
The main data acquisitionsystem consisted of the following: (1)
One DT 2805 data acquisition board usedas interface between the
computer and the thermocouplescrew terminal board. (2) One DT
707-T screw terminal panel for connectingthermocouple lead wires.
(3) An IBM XT personalcomputer with one 20 megabyte hard disk
and one 640 kilobyte floppy disk drive.
The frequency range of the boardwas 25-13000 Hz. A computer
program written in BASIC, as listed in Appendix Awas developed
using the subroutines for the DT 2805board for the temperature
data acquisition.
6.1.5Thermocouples
Because of the high temperature, inexcess of 3,000 °K, expected
during thesynthesis of titanium carbide Type C thermocoupleis
used. One leg of Type C thermocoupleis tungsten-5% rhenium and
the other legis tungsten-26% rhenium. Tungsten-rheniumalloyis
used customarily because of theinherent brittleness of unalloyed
tungsten.Boththethermocouples andtheextensionwireswere
supplied by OMEGA engineering, Inc. Thisthermocouple can be used
upto 2,760 0C in hydrogen or inertgas atmosphere and in a vacuum.
The diameter of the thermocouple wireused was 0.0254 cm. The
errorfor temperature reading suggested bythe manufacturer are99
±4.44 0C for the range 0-427 0C and ±1% for therange 427-2316 0C.
Because of the high cost of the thermocouples, extension grade wire
were used to connect the thermocouples with the data acquisition
board.Thermocouple beads were made with the help of Hot Spot TC
welder made by DCC Corporation. Thermocoupleswere calibrated
with ice water and boiling water beforeevery experiment.
6.1.6Heat Treatment of the Compacts
Figure 6.3 shows the schematic of the heattreatment equipment.
The setup consist of a vacuum chamber, inside which thesamples
are placedforheat treatment, connected toa vacuum pump and
vacuumpressuregage.Thechambersitsinsideafurnace
(Thermolyne1500 Furnace withthe model no F-D1525M). This
furnace operates with a single phase 120 Vpower outlet.It has a
heating space of 11.43 cm x 11.43cm x 22.86 cm. It can be used for
a continuous heating of upto 1,200 0C. The vacuum chamber was
constructed out of a stainless steel tube 23cm long and 7.275 cm
inside diameter with a wall thickness of 0.34cm. One end of the
tube was closed by weldingacircularstainlesssteelplateof
thickness 0.5 cm. The open end of the tubeisattached witha
1.95 cm thick flange. The chambercan be closed with a matched
flange connected to the vacuumpump and a pressure gage with the
help of a T shaped, 1.9 cm od stainless steel tube. A 0.2cm thick
copper gasket ringisused to make the system airtight. Copper
gasketsusedarecapabletowithstandacontinuousworking
temperature of 500 °C.1 0 0
Vacuum Gage
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Nwq-
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Figure 6.3.A Schematic of the Heat Treatment Apparatus.1 0 1
6.1.7Weight Measurements
The measurements of weights of the initial powder and samples
before andaftersynthesis were made witha common precision
analytical balance made by the Christian Becker Division of the
Torsion Balance Company. The styleand model number of the
balance was AB-4 and A14118 respectively. A minimum weight of
0.1 mg could be measured with the balance.
6.2Experimental Procedure
The two reactant powders, titanium andgraphite,werefirst
measured in chosen mass proportions and then thoroughly mixed.
The powders were first mixed with the help of a mortar and pistol
in order to break any coagulated chunk. The mixturewas then put
in a glass bottle of diameter 23 cm and height 46cm and shaked for
about 30 minutesto ensure good mixing of the powders before
compressing. The mixture was then cold-pressed intoa cylindrical
green compact. Titanium powder used was furnished by OREMET
and had a mesh size of -200, which corresponds to particlesize
below 74 The graphite powder used was bought from ALFA
products and had a nominal mesh size of -325, which corresponds to
particle size less than 44 lam.
The mixture was compressed with a hydraulicpress capable of
applying 20 tons of co-axialload on a one square inch surface.
Stainless steel dies and plungers of various diameters, ranging from
8 mm to20 mm, were usedto compress theinitialmixture. A
floating die technique as shown in Figure 6.4 was used to reduce the102
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Figure 6.4A Schematic of Die and PlungerPressing Process103
stress concentration on one end of the sample. In this techniquetwo
plungers are used instead ofone. Initially the die is held in position
with the help of some externalsupport, while the whole system
restson the bottom plunger.After applying some pressurethe
external supports are takenoff. Now applying load from the top
allows the die alsoto move thus reducing the concentration of
stresses on the lower end of the sample. In preparingevery sample
a prespecified amount of load is applied to obtain the desired initial
density of the sample. Once thepressingiscomplete, the bottom
plunger is removed. The die with thetop plunger is placed over a
hollow cylinder. Pressure is then appliedto the top plunger which
ejects the sample from the die.
After measuringand weighingthesamples,twoholesare
carefullydrilledlongitudinallyonthesampleatsameradial
locations (2 mm from the axis) diametricallyopposite to each other.
The holes were big enoughto allow insertion of the thermocouple.
The green compacts are then subjectedto heat treatment. The
main purpose of the heattreatment wasto remove thevolatile
impurities present in the initial samples.Without heat treatmentit
was possibleto ignite the sample, but the reactionwave did not
propagateallthe way throughthesample. The reactionstopped
because of breaking off of the sample dueto violent evolution of the
gases.Thesampleswerebakedintheheattreatmentsetup
described above in vacuum formore than five hoursat 500 °C
beforesynthesistoremovebulkofthesevolatileimpurities.
Kecskes [28]experimentally found thatthe samples needed tobe104
vacuum treated at about 500 °C in order toremove the adsorved H2
on the surface of titanium powder. Other volatile impurities could
be removed ata lower temperature. Experiments carried out after
heat treatment at 350 °C also resulted in samplesblown apart due
to outgassing.
After heat treatment, the samplesare allowed to cool inside the
chamber under vacuum. The cooled sample isthen placed vertically
inthecombustionchamberwiththethermocouplesentering
through the bottom as shown inthe schematic diagram in Figure
6.2. Thermocouple beadswere placed at distances of 5 mm and 12
mm from the bottom surface leaving a longitudinalgap of 7 mm
between them. This placed thetop thermocouple about 8 mm from
theuppersurfaceensuringittobe below thezoneofinitial
transient behavior that isexpected near the top during ignition.
The chamber was then evacuated and refilledwith argon gas to
maintain an inert environmentat atmospheric pressure. Energy was
then suppliedto the ignition coil. This coilwas placed in every
experiment about 5-6 mm abovethesample,toapply mainly
radiant flux on the top surface and alsoto allow adequate room for
longitudinal expansion of the sample duringsynthesis. A DC mode
was used to supply energy and current was set at 65 Amps and 24
Volts. In a typical experiment it would take10-15 seconds for the
reactiontoinitiate.Dataacquisitionsystemwasturnedon
concurrently with the powersource. Continuous reading of the data
from thetwo thermocouples were recordedtillthe end ofthe
reaction. The frequency used to read the datawas 400 Hz. From the105
temperaturehistoryof the two thermocouples,thedifferencein
timeatwhich the reactionfront reachesthe two locationsare
determined. The speed of the reactionwave was then determined
by dividingthe known distance betweenthe two thermocouple
locations by this time difference. Timedifferences were takenat
1,500 0K, 2,000 OK, 2,500 OK and 3,000 OK. Speedswere measured at
all four of the above criteria. Anaverage of all the four values were
taken as the observed data.106
CHAPTER 7
RESULTS AND DISCUSSION
Inthischapterresultsobtainedfromexperimentsand
numerical calculationsarepresented.Section7.1dealswith the
computed temperature distribution of the reactingcompact, both as
a function of time and position. Effect of various parameterson the
SHS reaction wave propagation speed isdiscussed in Section 7.2. In
thefirstthreesubsections,containingeffectsofstoichiometry,
dilution with product and sample diameter,experimental resultsare
first presented followed by comparisonof the experimental results
with those obtained from theory.In Subsection 7.2.4 we present
only experimental results for the effect ofinitial sample density on
the propagation speed. In the lasttwo subsections of this section, i.e,
Section 7.2.5 and 7.2.6, only theoretical resultsare presented for the
effectsofinitialtemperature and thermal conductivitysince no
experiments were performed for these.
In Section 7.3 variation of reactiontemperatures as a function
of different parameters and the effectof reaction temperature on
speedispresented.Section7.4dealswiththeexperimentally
obtained effect of parameterson the final densityof the product
and finally in Section 7.5 result ofx-ray diffraction analysis of the
productispresented.107
7.1TemperatureDistributionAnalysis
Figure7.1showsthecalculatedtemperatureprofilewith
Kanury kinetic model along the axis ofthe sample under standard
conditions. Table 7.1givesthe standard values of the properties.
The valuesof the constantkineticparameters and theproperty
values of titanium, carbon and titaniumcarbide, which are used in
the calculation, are given in Table5.1 and Table1.1respectively.
Four distinct zonescan be identified from the figure:(i) the reactant
zone consisting of the mixture of titanium and carbon powdersat
theinitialconditions,(ii)the warmor preheat zone which
includes the depth upto which the thermaleffect of the reactionis
felt,(iii)the reaction zone, where the hightemperature reactions
take place, and (iv) the productzone through which the SHS wave
has already passed and thereactants are converted into products.It
isevident thatthe temperature risessteeplyatthe reaction front
and the reactionoccursata well defined thin region. Figure 7.2
shows the computedtemperature historyof threelocationsalong
theaxisofthe sample again under standard conditions.As the
reactionfrontmovestoaparticularlocationitstemperature
increasesrapidlytoa maximum value and then decreasestoa
constantvalueaftersomefluctuations.The peaktemperature
attained, about 4,100 °K, correspondsto the end of reaction. The
temperaturethengraduallydecreasestoaconstantvalueof
3,370 °K which is close to the reactiontemperatures reported in the
literature [8,16] for titanium and carbonreaction. This phenomenon
ofattaininga maximum temperature andthendecreasingtoa108
constant value is generally not observed ingas phase combustion. It
isattributedto the high ignition temperature and high volumetric
heat capacity of the solidreactants.Thedecrease in temperature is
Table 7.1.Numerical values of the parameters at
standard conditions.
Parameters Numerical Values
Sample diameter 1.6 cm
Mixture thermal Conductivity0.0167 J/(cm sec K)
Sample density 2.5 g/cm3
Initialtemperature 300.0 °K
Mixture ratio Stoichiometric
Product dilution None
duetothefactthatthereactionzoneoccupiesonlyone
computational cell and that the adjacent forwardcell in the warm-
up zone did not yet reach the ignition condition. The decrease in
temperature isthe result of energy transfer from the reacted cellto
the adjacent forward cell in orderto elevate it to ignition condition.
AllthethreecurvesofFigure7.2 show nearly identical patterns5000
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Figure 7.2Computed Temperature Historyof Three Locations Alongthe Axis of the Sample.suggestingthatasteadystateof wave propagationhasbeen
achieved. In fact, the wave attainsa steady propagation speed quite
quickly following ignition at thetop surface. The steady speed of
wave propagationiscalculatedby dividingthe known distance
between two locationsbythedifferenceintime forthese two
locationstoattainpeaktemperatures.Figure7.3showsthe
computed temperature profile along the axis ofthe sample at three
different time. The timesare chosen such that they correspond to
thetimes at which the three locations shown inFigure 7.2 reaches
maximum temperature.By defininganon-dimensionaltimeas
(t to) u /( x x0 ),wheretoand x0arethe time and axiallocation
respectively at which the reactionwave is found to achieve steady
state,allthe three graphs of Figure 7.2can be seen to collapse
together showing a single peak valueat a single non-dimensional
time. This result is presented in Figure 7.4. Ina similar manner by
defininga non-dimensionalaxialdistanceas(x-xo ) /(u( t- to ))the
three graphs of Figure 7.3are seen to collapse together as shown in
Figure 7.5. Figures 7.4 and 7.5 confirmthat the reaction wave has
attainedsteadystate.Infactcalculationsforeverycasewas
stopped when the reaction front reaches1 cm from the top surface.
This is done because the propagation speedalready attainssteady
state value before reaching 1cm from the top surface. The x-axes of
these two figures are just inverse ofone another. By changing the
nondimensional axial distance in Figure 7.5to nondimensional time
by simply in versing their values and plottingthem along with the
threegraphsofFigure7.4we canobservethesimilarity in the5000
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trends of the temperatures inthe preheat zone with those near the
ignition conditions. These combined graphsare presentedinFigure
7.6
Figure 7.7 shows the temperaturesat two locations with time as
given by the two thermocouples ina typical experiment. Both the
thermocouplesshowconstantreadingsafterreachingabout
3,500 °K. This indicatesthatthe upper limitof the temperature
range of the thermocouples is exceeded. The figure clearly showsa
rapidincreaseintemperatureforbothlocationsindicatingthe
arrival of the reaction frontat those locations. Since no data was
recorded below 1000 °K, the preheatingisshown qualitatively by
the dashedlinesinthefigure.Figure7.8showsthecalculated
degree of conversion with time for three axial locations. Therate of
conversioninitiallyincreasesexponentially duetotheArrhenius
term and decreasesneartheend duetothedecreaseofboth
concentration of titanium inthe outer melt and the reaction surface
area.
7.2Effectsof Parameters on Propagation Speed
Inalltheexperimentsperformedandthenumerical
calculations carried out,allconditions other than the property under
scrutiny are kept constant at the standard values givenin Table 7.1.
7.2.1Stoichiometry
Theeffectofthesupplymixtureratiooftitaniumand
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Figure 7.6Computed Temperature Distribution Graphs Combined.13
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experimentsare presentedin Figure 7.9. Atevery mole ratioa
number ofexperimentswere performedinordertoseethe
repeatability of the results. At eachpoint some scatteringinthe
data isobserved. We believe that thisscatteringis mainly due to
theunavoidablenonuniformityinthemixingofthereactant
powders. The best estimate of the dataat each point and the error
bar for a 90% confidenceon the best estimateat each pointis
performed (see Appendix D). The firmlines shown in Figure 7.9 are
the best fit curves passing throughthe data points (see Appendix E).
Two different equationsare found to bestfitthe titanium rich and
carbon rich cases. The leastsquare curve fitis done to compare the
experimental data later with the theoreticalresults.
A comparison of the experimentaldata with thoseobtained
from numericalcalculationsarepresentedinFigure7.10.The
experimental data pointsare replaced by the fitted curves inthis
figure. The dashed linesare calculatedresults obtained with two
differentkineticmodels. The generaltrendof theexperimental
results are in excellentagreement with the calculated results. The
slope of the curve of the calculatedresults is found to be smaller for
the titanium richcase than carbon rich case. Since the specific heat
and thermal conductivity of the mixtureare kept constant forall
the cases during calculations, itis the molecular weight of theexcess
reactant which is responsible for this difference. Ifthe reactants are
presentinthestoichiometricproportions,allthereactantsare
converted into productupon reaction under the constraint only of
thermochemicalequilibrium.Butifeitherofthereactantsisin= I I . I =
0.60.81.01.21.41.61.8
Mole Ratio (Ti/C)
Figure 7.9Propagation Speed vs Supply Mixture Ratio.
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excess in the initial mixture, that excess amount isnot converted
into product.While not contributingto energy release, the excess
reactant does absorb some of the releasedenergy of reactionto
reduce the maximum attainedtemperature. This,inturn, reduces
the speed at which the reactionpropagates.The variation in the
propagation speed isobtained by appropriately changing the factor
'a'inthe kinetic model described in chapter 4,while keeping the
kinetic parameters constant. Accordingto the calculated resultsthe
reaction ceases altogether fora mixture containing more than1.7
moles of titanium or less than 0.6 molesof titanium per mole of
carbon. Experimentally these quenchingconditions were obtained as
more than 1.6 moles of titanium and less than 0.6 moles oftitanium
per moleofcarbon.ResultsobtainedusingAleksandrovand
Korchagin kinetic model alsosuggest quenching to occur at less than
0.6 moles of titanium per mole of carbon.But this model could not
be used for titanium richcases as discussed earlier in Chapter 4.
7.2.2Dilution with Product
Figure7.11showstheexperimentallyobtainedresultsof
propagation speed as a function of dilutionwith the product, i.e., TiC
whichispresumedinert.Dilutionispresentedaspercentageof
weight of the reacting mixture ((wt. of TiC)/[wts.of (C+Ti+TiC)] }. The
firm line passing through thescattereddata points represent the
bestfit curve (see Appendix E).In Figure 7.12 we compare the
experimental and calculated effectof dilutionresults. The dashed
lines represent the calculatedresultsobtained by using boththe123
Kanury kinetic model and Aleksandrov andKorchagin kinetic model.
The firmlinerepresentsthebestfitcurveof the experimental
values.Boththecalculatedandexperimentalresultsshowthe
expectedtrend.The effectof dilutionisthereductionof the
maximum temperature because the diluentact as a heat sink, and
also, the total energy releasedper unit mass of the initial mixture is
reduced. Addition of inert titanium carbide leadsto a progressive
reduction in the reaction wave propagation speedand the eventual
failure of the combustion. Kanury kinetic modelpredictsthatthe
additionof 30 percent by weight of titaniumcarbideleadsto
effective failure of combustion. Aleksandrovand Korchagin kinetic
model predictsthefailureat40percentbyweightofTiC.
Experimentally, failure is observed with theaddition of 27.5 percent
by weight of TiC. The samples with 27.5percent by weight of TiC
could be ignited but the reaction quenchedpart way through the
samples.AgreementbetweenKanurykineticmodeland
experiments are excellent. Aleksandrov andKorchagin kinetic model
predicts higher speed and larger quenchingcondition.
7.2.3Diameter of the Compact
An increase in the sample diameter decreasesthe ratio of the
surface area to volume soas to make lateral heat loss progressively
lesssignificant compared tothe volumetric heat generation.The
effect of heat lossisto reduce the propagation speed below that
under adiabatic conditions. Ultimatelyan asymptotic value of the
sample diameter is reached above which thereis no effect of lateral1.3
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heat loss on the propagation speed.This asymptotic propagation
speed is analogous to the adiabatic flame speed. On the other hand,
decreasingthe diameterwillleadtoadecreasedvalueofthe
propagationspeed because of progressivelyincreasingheatloss,
ultimatelyacriticaldiameterisreached below which the wave
ceasestopropagatealtogether.Theeffectofdiameteron
propagation speed is shown in Figure 7.13. The calculations have
beencarriedoutforstandardcaseswithconstantkinetic
parameters. From thetheoretical calculations and the experimental
results, shown asscattered pointsinthe graph,itisevident that
there is insignificant effect of heat loss on propagation speed for all
sample diameters above 8 mm. According to the calculations, heat
losseffectstartsto show once the sample diameter reaches about
1 mm. The quenching diameter is calculated to be 0.1 mm which is
obviously quite small to be of any practical consequence.During the
experiments we could not go below diameter of8 mm dueto
problems inpreparingthe samples and making holes in them for
thermocouples.
Theconvectiveheattransfercoefficientmeasuredinour
calculations,ina way discussed in Chapter 2,varies between 0.002
to 0.0045W/(cm2 K).Propagation speeds were also calculated with
various constant value of convective heat transfer coefficientsfor
samples of diameters 2 mm and 8 mm. Resultsare presented in
Figure 7.14.The loss due to radiationisalso included inthe
calculations.Forasampleofdiameter2mm,thereaction
quenchesaltogetherwhentheheattransfercoefficientexceeds1.4
1.2
0.6
0.4
0.2
0.0 I.1
Theory with Kanury Kinetics
Experiment
K = 0.0167 W/(cm K)
pi = 2.5 gm/cm3
To = 300 K
Stoichiometry
No Dilution
E = 138,000 J/mole
Do = 2.04x10-3 cm2/sec
he = 3,082 1 /gm of TiC
0.0
Figure 7.13
0.4 0.8 1.2 1.6 2.0 2.4
Diameter (cm)
Propagation Speedvs Diameter of the Initial Compact.1.2
1.0 -
0.8
0.6 -
0.4
0.2 -
0.0
.001
dia=8mm
dia=2mm
I WIII T1111 VIII1141
.01 10
HeatTransferCoefficient(W/(cm2 K))
K = 0.0167 W/(cm K)
pi = 2.5gm/cm3
To = 300 K
Stoichionictry
No Dilution
E = 138,000 J/mole
Do = 2.04x10-3 cm2 /sec
= 3,082 J/gm of Tic
Figure 7.14. Effect of Convective Heat Transfer Coefficient on Calculated
Propagation Speed.129
0.8 8W/(c m2 K), a value quite high compared to typical natural
convectiveheattransfercoefficient.Theresultsobtainedare
consistentwithBoddington's[21]resultforaone-dimensional
model of tungsten + potassium dichromate mixture. As expected, the
quenching heat transfer coefficient for eightmm diameter sample is
found to be much higher. Because of the insignificant effect of radial
heat loss, the propagation wave is expected to be planar whichwas
also confirmed by numerical calculations. Therefore, comparing the
computedresultswiththoseobtainedbyexperimentwith
thermocouples inserted at a radial distance of 2 mm from the axis is
expected to introduce very littleerror.
As the diameter of the sample decreases, heat loss from the
peripheryofthesampleisfoundtoaffectthetemperature
distribution in the product zone but not the propagation speed. This
canbeseeninFigure7.15wherethecalculatedreaction
temperature is plotted against the sample diameter. The firm lineis
the temperature at the axis and the dashed lineisthe temperature
averaged over the cross-section of the sample atany axial location.
Theaxialtemperatureprofileforsampleswiththreedifferent
diameters are also presentedinFigure 7.16. These resultsclearly
show the increasing effect of heat loss on the productzone as the
diameter decreases.
7.2.4.InitialDensity
Effect of sample initial density on propagation speed is shown
in Figure 7.17.Thescatteredpointsrepresentthedataobtained3500
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from experiments. The firm line representsa least square curve fit
of the data (see Appendix E). Samples with initial densities ranging
from 1.59 gm/cm3 to 2.75 gm/cm3 were used. These two extreme
conditions correspond to about 42% to 73% of the maximum density
of 3.75 gm/cm3 that an initial sample can be compressed to. Results
show the propagation speed to attain a maximum value between 2.1
g m/c m3 and2.2gm/cm3 which correspondto 56% to 59% of
theoreticaldensity.Belowthisdensity,thespeedisfoundto
increase as density of the sample increases and above this the speed
isfoundtodecreaseasdensity increases. Within thisrange the
resultsareinexcellentqualitativeagreementwiththeresults
reported by Riceet.al.[27].But our resultscontradict those
reported by Kottke and Niiler [29] who show that the speed of the
propagationcontinuouslyincreasesasthedensityincreases.
Eslamloo-Grami and Munir [59]in their work with titanium nitride
showed that the combustion wave velocity decreases as the density
increases from 45% to 70% relative density of titanium carbide. The
trend shown in Figure 7.17isattributedtothe following inverse
effectsofdensityon propagationspeed:(1)increaseddensity
increasesthevolumetricheat capacity which reducesthespeed,
(2)increaseddensityincreasesthethermal conductivity which
increases the speed. We did not perform numerical calculationson
the effect of initialdensity on propagation speed because of not
havinginhandaclearfunctionalrelationshipbetween thermal
conductivity and density.(a) (b)
Figure 7.18 Photograph ofSynthesized Products.135
During theexperiments,itwas observedthat samples with
initial density lower than 2.0 gm/cm3 after synthesis would givea
product broken up into layers as shown clearly in the photograph
(a) in Figure 7.18. On the other hand samples with density higher
than2.0gm/cm3 wouldproduceanintegralproductcylinder
(although slightly expanded) as shown in photograph (b) in Figure
7.18.
7.2.5.InitialTemperature
Theeffectofinitialtemperatureofthesampleonthe
propagation speed is numerically calculated and is shown in Figure
7.19. In the SHS, the effect of temperature on reaction rate is taken
to follow an Arrehnius exponential law; thus a higher temperature
of the reactants will mean a shorter ignition delay in the preheating
process and a faster wave propagation. The results clearly show the
exponential dependence of speed on initial temperature.
7.2.6.Thermal Conductivity
Figure 7.20 indicates the effect of mixture thermal conductivity
on the computed propagation speed of reaction. The effects of the
particlesizeand densityisembedded intheeffectof thermal
conductivity on the propagation speed. A larger particle size ina
compact of similar density will have less particle to particle surface
contact area, hence lower overall thermal conductivity, leading to a
smaller reaction wave speed. Thisisnot surprising, for conduction
of energy to preheat the solid isa prerequisite for propagation. The
predicted dependence of speedon Kagreeswellqualitatively with2.4
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thesquarerootdependenceofreactionspeedonthermal
conductivity as discussed inthe order of magnitude analysis. An
increased density of the sampleon the other hand increases the
particletoparticlecontactsurfacearea and thusincreasesthe
effective thermal conductivity.
7.3.Reaction Temperature
Effect of initial temperatureon the calculated overall reaction
temperature of the system is shown in Figure 7.21. The relationis
found to be linear as expected from the discussion inChapter 4.
Calculated reaction temperaturesarealso plottedasfunctions of
different mole ratio and dilution with product andare found to
follow the expected trend. The resultsare shown in Figures 7.22 and
7.23.In Figure 7.24 propagation speedisplotted against various
calculatedreactiontemperatures.Thisresultcompareswell
qualitatively with the results reported for flames in premixedgases
[38],exceptthatflamespeedrises much fasterastheflame
temperatureincreasesforgases.Dissociation reactionsathigher
temperatures are believed to be responsible for this increase. The
resultsobtainedareinexcellentagreement withtheorderof
magnitude analysis discussed in Chapter 3.
All the foregoing items discussedare influential on the reaction
wave propagation speed. The following section deals with the final
density of the sample as affected by differentparameters, which is
an outcome of the synthesis process.C
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7.4Final Density
As discussed earlier in Section 2.2 Holt[19] showed that ifno
densification takesplace during combustion, thena 100% dense
cold-pressed compact would give a final product whose density will
be 76% of the theoretical final density,Pth,of titanium carbide,
whichis4.95 gm/cm3. During thesynthesis process,swelling of
the initialsampleswasobservedin every experiment.After each
experiment, the volume and the final density, pf,of the TiC product
was determined by measuring the length, diameter and mass of the
product. The measurements showednosignificant changeinthe
value of the diameter. All the sampleswere found to expand in the
longitudinal direction only.
Theresultsarepresentedintermsofpercentageofthe
theoretical final density,P th (=4.95gm/cm3). Calculationsare done
accordingtothe formula (p f/p th)x100,where pfand pth areas
discussedabove.Theoreticalinitialdensityisdefinedasthe
maximum possible density of a stoichiometric mixture of titanium
and carbon powders that can be obtained. The value of theoretical
initial density is 3.75 gm/cm3. Innone of the experiments we were
abletoobtainafinaldensityhigherthanabout 45% ofthe
theoretical final density. Figure 7.25 shows that the final density,as
expected, increases from about 35% to 40% of theoreticalfinal
density upon an increase in the initial density from 2.25 gm/cm3to
2.75 gm/cm3, which corresponds to 60%to 75% of the theoretical
initialdensity of the mixture. Thisisexpected because a sample
with higher initial density will have less trappedgases and thus will144
have less outgassing during the combustion. Figure 7.26gives the
finaldensityfor various mole ratiosof theinitialmixture. The
percenttheoreticalfinaldensityisfoundtoincreaseforboth
titaniumrichand carbonrichcases.This may be becausein
nonstoichiometric mixtures, the excess reactant doesnot participate
inthereactionprocessandhence doesnotcontributetothe
expansion of the sample, which we think is mainly dueto outgassing
of the gaseous reaction products. The effect of diluting the initial
mixture with theinert product on thefinal densityis shown in
Figure7.27.Thefinaldensityincreasesfromabout 36% of
theoretical final density to about 46% of theoretical final density in
response to diluting the mixture from 0 to 25% by weight with TiC.
The density of thefinal product isalso found to increase asthe
sample diameter decreases as shown in Figure 7.28.. This is again
attributed to the less trapped gases ina sample of smaller diameter.
7.5X-Ray Diffraction Analysis
In order to confirm the product of reaction,x-ray diffraction
analysisisperformed on varioussamples .The analyses were
carriedoutintheDepartmentofChemistryatOregonState
University.Table7.2[60]givesforcalibration,thelargest
interplanarspacingfortitanium,carbon(graphite)andtitanium
carbide.
The resultsof the x-raydiffractionanalysisare presented in
terms of two-theta spacing. Figure 7.29 gives the analysis fora45
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product made from stoichiometric mixture of titanium and carbon.
The two strong linesare found at two-theta equals to 36.00 and
41.80 which correspond to d-spacings of 2.50 and 2.16. From Table
7.2 these are the two strongest lines for TiC, thus confirming the
product to be TiC.
Table 7.2Largest interplanar spacing for Ti, C and TiC [60].
Specimen Interplanarspacing
Ti 2.24,2.56,2.34
C 3.36,1.68,2.03
TiC 2.16,2.50,1.531 5 1
CHAPTER 8
CONCLUSIONS, LIMITATIONS AND RECOMMENDATIONS
8.1Conclusions
The propagationspeedofreactionwaveduringtheself-
propagatinghigh-temperaturesynthesisoftitaniumcarbide was
obtainedbothbyatwo-dimensionalnumerical model and by
experiments.Inthenumericalcalculations two differentkinetic
models describing reactions involving solidswere used. The effect of
Lateral heat loss was found to be insignificanton the propagation
speed within the practical range of the sample diameter. Therefore
the radial conduction term in theenergy equation could have been
safely ignored and the problem can be treatedas one-dimensional.
Conditions at which the reaction wave does not propagate ina
self-supporting manner were identified for titanium rich and carbon
rich cases and also for the case of dilution with the product. From
the experimental results the reactionwave was found to quench for
a Ti/C mole ratio of more than 1.6 and less than 0.6. Quenching was
alsoobtainedfordilutionof theinitialmixture with 27.5% by
weight of TiC.
The variationsof propagation speed due tothevariationsof
system parameters wereobtained. From theexperimentalwork,
speedswerefoundtovaryfromabout0.95cm/secfor
stoichiometric conditionsto about 0.25 cm/sec near the quenching
conditions.
Theoretical calculationsof propagation speed with the Kanury
kinetic model were foundtobeinbetter agreement withthe152
experimental resultsthan with Aleksandrov kinetic model. Results
were also found to agree well with the qualitative trends discussed
from an orderof magnitudeanalysis.Four differentcorrelation
equations relating the speed, obtained from experiment, with initial
sample density,titaniumrichmixture,carbon richmixture and
dilution with product are obtained and presented in Appendix E.
During the synthesis,the samples were foundto expand. The
expansion was found to be only in the longitudinal direction. Hence
the final product obtained was highly porous. This porosity varied
withthevariationofdifferentsystem parametersbutthefinal
density was never foundto exceed 50% of thetheoreticalfinal
density of titanium carbide.
Initial samples were needed to be vacuum-heat-treated at about
500 °C in order to get rid of the volatile impurities present in the
initialmixture. Without heat treatment the reaction wave did not
propagate due to the breaking up of the sample due to evolution of
these volatile impurities.
8.2Limitations
Theoretical resultsobtained were based on constant valuesof
specific heat and thermal conductivity. Variation of these properties
forvariousmixtureratiosanddilutionconditionswerenot
considered. Trends in the variation of speed with the sample initial
density could not be obtained from theoretical calculations because
ofnothavingavailableanappropriatefunctionalrelationship
betweeninitialdensityofthesample andtheoveralleffective153
thermalconductivity.Quenchingdiameterasgivenbythe
theoreticalcalculationscouldnotbetestedwithexperiments
becauseoftheconstraintinmaking samplesbelow8 mm in
diameter.
8.3Recommendations
Considerable research work stillneeds to be done inorder to
make SHSaviablealternativetotheconventional method of
materials synthesis. The following are some of the recommendations
for future work:
(1)Efforts should be given to obtain values of certain physical
propertiessuchasspecificheat and thermal conductivity of the
powdermixtures.Propervaluesofthesepropertiesarevery
important andareneededintestingdeveloped models. Property
tables should be developed for different systems not only to obtain
variationsasfunctionsof mixture ratios,initialmixture density,
particlesizes and shapes of the reactants,butalso covering the
range of temperatures which are encountered inthe SHS methods.
Intesting models theeffectof sample density ontheeffective
thermal conductivity of the compact isof paramount importance.
(2)More work should be directed in developing kinetic models
applicabletoawider rangeof SHS processes.Firststepin
developing a kinetic model isa clear understanding of the reaction
mechanisms involved. Much research work stillneeds to be done,
specificallyexperimental,tounderstandthesemechanisms.The
model usedinthis work isbased onthefactthat one of the154
reactants melt during the process. The model should be extended to
include systems where no melting occurs. Effortsshould also be
given in developing kinetic models which address the shape and
size of the reacting particles and also include systems where one of
the reactants is in gaseous form, such as in the titanium + nitrogen
system.
(3)One of the observations from the experiments isthe high
porosity of the final product obtained by SHS methods. With this
high porosity, the process can be used only for producing ceramic
powders. Therefore, in order to producefully dense materials, some
sortof compaction schemes must beappliedduringorshortly
followingthesynthesisreaction.One possiblemethodinthis
direction may include performingthesynthesisinapressurized
atmosphere, i.e., by keeping the inert environment ata pressure of
several hundred atmospheres duringthesynthesis. Another method
may be to carry out the reaction in some sort of confined area and
and applying mechanical pressure shortly after the reactionisover.
thus not interfering with the actual synthesis process.
(4)An easy and efficient method has to be developed in order
toreliably remove theimpurities which may be presentinthe
reactants. The contaminants not only hamper the synthesis process
butalso,ifpresent,will causeserious problems withstructural
integrity of the product produced by the SHS process.
(5)In order to measure the temperature of the reaction front
tungsten-rhenium thermocouples were used which were foundto
give away during each experiment. Though the method could be155
used to measure the speed at which the reaction front propagates, it
cannot give the actual temperature of the reaction front specially
for high reaction temperaturesystems. Thus analternate method
has to be applied in order toobtain the temperature. One of the
possible methods may be the use of an optical pyrometer.
(6)Experiments should be performed to obtain the variation of
propagation speed asa function of initial temperature and thermal
conductivity. Effects of different particle sizes, both of titanium and
carbon should also be investigated and compared with theoretical
predictions.
(7)Another area of investigationisthe ignition. Energy input,
duration of heating and ignition temperatures for different mixing
conditions, densities, particle sizes, etc., can be obtained.156
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APPENDIX A
NUMERICAL PROGRAM
C** MAIN CODE FOR SHS REACTION PROCESSES
Gw*
PROGRAM HEATRAN
C** THIS IS THE MAIN DRIVER PROGRAM
INCLUDE 'PARAMETERS.FOR'
INCLUDE 'HEAT.FOR.
0" OPEN A LOGICAL UNIT FOR AN INPUT FILE (INP IS A PARAMETER)
C OPEN(UNIT=INP,FILE=INPUT,STATUS='OLD',FORM=PORMA ITED')
C** OPEN A LOGICAL UNIT FOR THE PRINTER (LOUT IS A PARAMETER)
OPEN(UNIT=LOUT,FILE=OUTHEAT,STATUS=NEW',FORM='FORMA 1 I ED')
WRITE( *,1000)
WRITE(*,1001)
WRITE.(LOUT,1000)
WRITE(LOUT,1001)
CALL PRESET
CALL INPUT
CALL SETUP
IF(CONTROL(1)) CALL SSTATE
IF(CONTROL(2)) CALL TRANSIENT
STOP
1000 FORMAT(///10X,
1 SELF-PROPAGATING HIGH-TEMPERATURE SYNTHESIS REACTION')
1001 FORMAT(//18X,'WAVE PROPAGATION SOLUTION ALGORITHM TESTER//)
END
SUBROUTINE PRESET
INCLUDE 'PARAMEIERS.FOR'
INCLUDE 'IIEAT.FOR
C** PRESET ARRAYS ( LETS DEFINE A COMPLETE SET FOR FLEXIBILTY)
DO 10 J= 1,MAX2
DO 10I= 1,MAX1
T(I,J)= 0.
ETA (I,J) = 0.
ALAMDA(I,J) = 0.0
THETA(I,J) = 1.0
THETAOLD(I,J) = 1.0
DEL(I,J)= 1.0
BETA(I,J) = 0.
DPHI(I,J) = 0.
CX1(I,J) = SMALL
CX2(I,J) = SMALL
C HC1(I,J) = BIG
C HC2(I,J) = BIG
DX1(I,J) = 0.
DX2(I,J) = 0.
AR1(I,J) = SMALL
AR2(I,J) = SMALL
CAY(I,J) = SMALL
Q(I,J)= 0.
CV(I,J)= 0.
MAT(I,J)= 1003
10CONTINUEPREF = 1.01E+5
DT = 0.
TYME
DO 20I = 1,10
CONTROL(I) = FALSE.
20CONTINUE
C** MATERIAL BOUNDARY CONDITION ID NUMBERS
C** LISTED BELOW ARE THE FICTICIOUS BOUNDARY MATERIAL ID NUMBERS:
C** ID = 1000: CAY = 0.0014 MODEL MATERIAL
C** ID = 1001: CAY = SMALL THE VON NEUMANN CONDITION
C** ID = 1002: CAY = BIGTHE DIRICHLET CONDITION
C** ID = 1003: CAY = SMALL - NULL CELL
C** INITIALIZE CONSTANTS
C**
PI = 4.0*DATAN(1.0D0)
LEVEL
ITMAX
=
=
1000000
100
ITMAXT =100
TCRIT = 0.001
T1CRIT =1500.
OMEGA =1.650
TINIT = 0.
THETA I =0.
QMAX =
F =.5
RETURN
SUBROUTINE INPUT
INCLUDE 'PARAMETERS .I-OR
INCLUDE 'I lEAT.FOR'
CHARACTER * 1 ANS
SET DATA
ANS
WRITE(*,*) 'PROGRAM CONTROLS'
WRITE(*,*)STEADY STATE SOLUTION (YES OR CR )'
READ (*,1025) ANS
CONTROL(1) = FALSE
IF(ANS.EQ.'Y'.0R.ANS.EQ.'y') CONTROL(1) = TRUE.
ANS
WRITE(*,*) 'TRANSIENT SOLUTION (YES OR CR )'
READ (*,1025) ANS
CONTROL(2) = .FALSE
IF(ANS.EQ,'Y.OR.ANS.EQ.'y') CONTROL(2) = TRUE.
NMAX I = 152
NMAX2 = 72
IJ = NMAX1*NMAX2
MONIT(1)=2
MONIT(2)=2
MONIT(3)=I1
MONIT(4)=2
MONIT(5)=21
MONIT(6)=2
MONIT(7)=31
MONIT(8)=2
MONIT(9)=41
MONIT(10)=2
MONIT(11)=51
MONIT(12)=2
MONIT(13)=61
MONIT(14)=2
MONIT(15)=71
MONIT(16)=2
MONIT(17)=81
163164
MONIT(18)= 2
MONIT(19)= 91
MONIT(20)= 2
MONIT(21)=101
MONIT(22)= 2
MONIT(23)= 111
MONIT(24)= 2
MONIT(25)= 121
MONIT(26)= 2
MONIT(27)= 131
MONIT(28)= 2
MONIT(29)=141
MONIT(30)= 2
C TB IS = 300.
C TB1F = 300.
C TB2S = 300.
C TB2F = 300.
ITB1S = 300.
TTBIF = 300.
TTI32S = 300.
TTB2F = 300.
C ASPECT= 2.
C10 WRITE(*,*)' NEW APSECT RATIO (YES OR CR): CURRENT VALUE =', ASPECT
C ANS = "
C READ(*,1025) ANS
C EF(ANS.EQ.'Y'.0R.ANS.EQ.'y') TIIEN
C WRITE(*,*) TYPE IN ASPECT RATIO'
C READ (*,*) ASPECT
C ENDIF
C** SET THE DX1 AND DX2 ARRAYS ( OTHOGONAL METRIC:SQRT OF Gij)
DO 100J = 1,NMAX2
DO 100I = 1,NMAX1
DX1(I,J) = 0.01
DX2(I,J) = 0.01
100 CONTINUE
C** SET THE RADIUS ARRAY
DO 110J = 2,NMAX2
R(J) = DX2(1,1)*(J-1)
R(1) = 0.0
110 CONTINUE
C** SET THE AREA ARRAYS: AR1 AND AR2
DO 120J = 2,NMAX2
DO 120I = 1,NMAX1
AR1(I,J)= P1*(R(J)**2-R(J- 1)**2)
AR2(I,J) = 2.0*PI*R(J)*DX1(1,1)
120 CONTINUE
DO 125I = 1,NMAX1
AR1(I,1) = 0.0
AR2(I,1) = 0.0
125 CONTINUE
C** SET THE CELL VOLUMES (TIM ORTIIOGONAL JACOBIAN)
DO 130J = 1,NMAX2
DO 130I = I,NMAX1
CV(I,J)= AR1(I,J)*DX1(1,1)
130 CONTINUE
C** SET THE CELL MATERIAL IDENTIFICATION NUMBERS ( FOR THE LIBRARY)
DO 140J = 2,NMAX2-1
DO 140I = 2,NMAX1-1
MAT(I,J)= 1000
140 CONTINUE
C MAT(20,20) = 1000165
C MAT(20,5)= 1000
C MAT(5,20)= 1000
C MAT(12,12) = 1000
C** SET BOLLNDARY CONDITIONS
DO 150 J = 2,NMAX 2- I
MAT(1,J) = 1001
T(1,J) = TTB IS
TOLD(1,J)=TTB1S
MAT(NMAX1,J) = 1001
T(NMAX1,J)= TTB1F
TOLD(NMAX1,J) = TTB1F
150 CONTINUE
DO 160I = 2,NMAX1-1
MAT(I, 1) = 1001
T(I,1) = TFB2S
TOLD(I,1)= TTB2S
MAT(I,NMAX2) = 1001
T(I,NMAX2)= '17132F
TOLD(I,NMAX2) = TFB2F
160 CONTINUE
1025 FORMAT(A 1)
RETURN
EsD
C***************************************************************** ******
C**
SUBROUTINE SETUP
INCLUDE PARAMETERS.FOR'
INCLUDE EEAT.FOR'
ARRAYS FOR OUTPUT FORMATS
NIX(1)= 1
X1(1)= -.5*DX1(1,1)
DO 110 I = 2,NMAX1
X1(I)= X 1(I-1) +.5*(DX1(I-1,1) + DX1(I,1))
NIX(I)= I
110 CONTINUE
X2(1)= -.5*DX2(1,1)
DO 120 J = 2,NMAX2
X2(J)= X2(J- I) +.5*(DX2( I ,J-1) + DX2(1,J))
120 CONTINUE
CALL CONNECTOR(1)
CALL CONNECTOR(2)
CALL CONNECTOR(3)
REI1JRIN
END
c***********************************************************************
SUBROUTINE SSTATE
INCLUDE PARAMETERS .FOR'
INCLUDE 'HEAT.FOR'
C** SORRY!! NO ONE IS HOME!!
RLTURN
HvD
c***********************************************************************
SUBROUTINE TRANSIENT
INCLUDE PARAMETERS .FOR'166
INCLUDE HEAT.FOR
CHARACTER *1 ANS
C* CHARACIER *9 DUMQ,QE
CHARACTER *10 METHOD,NAME(10)
INTEGER *4 PS KIP,PLIMIT
DATA (NAME(I),I=1,10)f EXPLICITVPSORVLSOW: A DT,'S AULEV',
1 LARKIN,XXXX',XXXX',XXXX,XXXX/
G************************ BEGIN TIME INTEGRATION *********************
WRITE(*,*)
WRITE(*,*) '***** BEGINNING SIMULATION TRANSIENT ******'
WRITE(*,*)
LS KIP = 1
PSKIP = LARGE
PLIMIT = 10
TYME = 0.
C** SET TRANSIENT BOUNDARY CONDITIONS
DO 20 J = 2,NMAX2-1
MAT(1,J) = 1001
T( I ,J) = TTB IS
TOLD(1,J)=TTB1S
MAT(NMAX 1,J)= 1001
T(NMAX1,J)= TTB1F
TOLD(NMAX 1,J) = IF
20 CONTINUE
DO 30I = 2,NMAX1-1
MAT(I,1) = 1001
T(I,1) = TTB2S
TOLD(I,1)= 11132S
MAT(I,N MA X2) = 1001
T(I,NMAX2)= TTB 2F
TOLD(I,NMAX2) = 1 TB 2F
30 CONTINUE
C** WRITE OUT MATERIALS MAP
CALL IWRITER (MAT,' MATERIA LS MAP
100 CONTINUE
50 CONTINUE
TYME = 0.
NS 1E1' =0
TSTOP = BIG
NSTEPS = LARGE
KOUNT =
1TERS = 0
ALBEHIND = 0.01
ALENGTH = 0.01
ALFRONT = 0.01
IIB = 0.001
HF = 0.001
WRITE(*,*) ' ENTER TRANSIENT METHOD'
WRITE(*,*) EXPLICIT'
WRITE(*,*) PSOR
WRITE(*,*)LSOR'
WRITE(*,*) A DI
WRITE(*,*) SAULEV
WRITE(*,*) LARKIN
WRITE(*,*)
READ (*,1030) METHOD167
DO 60 I = 1,10
IF(NAME(I).EQ.METHOD) GO TO 70
60 CONTINUE
WRITE(**) "
WRITE(*,*) NO METHOD NAME MATCH - - TRY AGAIN
WRITE(**) "
GO TO 50
70 CONTINUE
F= .0
IF(METHOD.NEEXPLICIT) F = .5
ANS= "
WRITE(*,*) ' ARE YOU A "SMART" USER ? (CR = YEP !)'
READ(*,1025) ANS
IF(ANS.EQ.'N'.0R.ANS.EQ.'n) GO TO 120
WRITE(*,*) ' TYPE TIME STEP: CURRENT SIZE IS ' ,DT ; SECONDS'
READ (*,*) DT
WRITE(*,*)
NN = NSTEPS
WRITE(*,*)' TYPE NSTEPS: CURRENT SE I 1ING IS ',NN,' TIME STEPS'
READ (*,*) NSTEPS
TSTOP= NSTEPS*DT
WRITE(*,*)
WRITE(*,*) TYPE TSTOP: CURRENT SETTING IS ',TSTOP,' SECONDS'
WRITE(*,*) "
READ (*,*) TSTOP
WRITE(*,*)
LE(.NOTCONTROL(1)) THEN
WRITE(*,*) ' TYPE TINIT: CURRENT SETTING IS ',TINIT,' DEGREES C'
READ (*,*) TINIT
ENDIF
IF(METHOD.EQ:PSOR'.0R.METHOD.EQ1SOR'.0R.METHOD.EQ.'ADP) THEN
WRITE(*,*)
WRITE(*,*) ' TYPE IMPLICIT FACTOR: CURRENT SETTING IS ',F
READ (*,*) F
ENDIF
IF(METHOD.EQ;PSOR'.0R.METHODEQ:LSOR') THEN
WRITE(*,*)
WRITE(*,*) "TYPE ITMAXT: CURRENT SETTING ',ITMAXT
READ (*,*) ITMAXT
WRITE(*,*)
WRITE(*,*) ' TYPE TCRIT: CURRENT SETTING ',TCRIT, DEGREES C
READ (*,*) TCRIT
WRITE(*,*) "
WRITE(*,*)' TYPE QMAX: CURRENT SETTING = ',QMAX, WATTS'
READ (*,*) QMAX
ENDIF
WRITE(*,*)
WRITE(*,*) TYPE LS KIP: CURRENT S ETI ING IS ', LS KIP,' TIME STEPS'
READ (*,*) LSKIP
WRITE(*,*)
WRITE(*,*) TYPE PSKIP: CURRENT SETTING IS ', PSKIP
READ (*,*) PSKIP
GO TO 125
120 CONTINUE
WRITE(*,*) TYPE IN TIME STEP SIZE ,DT (SECONDS)'168
READ (*,*) DT
WRITE(*,*) ' IF YOU WANT TO RUN A SET NUMBER OF TIME STEPS THEN,'
WRITE(*,*) ' TYPE IN THE NUMBER OF TIME S TITS, (NSTEPS)'
WRITE(*,*) OTHERWISE, DEFAULT (HIT CARRAIGE RETURN)'
WRITE(*,*) "
WRITE(*,*) ' CURRENT SETTING IS ',NSTEPS: TLME STEPS'
READ (*,*) NSTEPS
TSTOP= NSTEPS*DT
WRITE(*,*) ' IF YOU WANT TO RUN TO A SET POINT IN TIME THEN,'
WRITE( *, *)' TYPE IN TOTAL SIMUATION TIME, (TSTOP,SECONDS)'
WRITE(*,*) ' OTHERWISE, DEFAULT (HIT CARRAIGE RETURN)'
WRITE(*,*) ' OK, WHEN 1.0E+30, IF NSTEPS HAS BEEN SET
WRITE(*,*) "
WRITE(*,*) ' CURRENT SET! ING IS ',TSTOP,' SECONDS'
WRTIE(**) "
READ (*,*) TSTOP
WRITE(*,*)
IF(.NOT.CONTROL(1)) THEN
WRITE(*,*) TYPE IN INITIAL TEMPERATURE'
READ (*,*) TINIT
WRITE(*,*) TYPE IN INITIAL THETA'
READ (*,*) THETAI
ENDIF
IF(MEITIOD.EQ.PSOR'.0R.METI I 0 D.EQ:LS OR'.0R.METITOD.EQ: AD') THEN
WRITE(*,*) TYPE IN IMPLICIT FACTOR, F
WRITE(*,*) "
WRITE(*,*) CURRENT SETTING IS ',F
READ (*,*) F
ENDIF
IF(METHOD.EQ:PSOR'.0R.MET110 D. EQ:LS OR') THEN
WRITE(*,*) "
WRITE(*,*) TYPE ITERS PER TIME STEP: CURRENT SET! ING ',ITMAXT
READ (*,*) ITMAXT
WRITE(*,*) "
WRITE(*,*) "TYPE IN DELTA-T CONVERGENCE CRITERIA: CURRENT ',TCRIT
READ (*,*) TCRIT
WRITE(*,*)
WRITE( *, *)' TYPE Q-ERROR CRITERION: CURRENT SET = ',QMAX, WATTS'
READ (*,*) QMAX
ENDIF
WRITE(*,*) ' IF YOU WANT TO PRINT ONLY EVERY LSKIP LINES THEN,'
WRITE(*,*) TYPE IN THE VALUE OF LSKIP (LIKE 5, 10, 22, ETC)'
WRITE(*,*) ' OTHERWISE, DEFAULT (HIT CARRAIGE RETURN)
WRITE(*,*)
WRITE(*,*) CURRENT SETTING IS PRINT EVERY ', LSKIP,' TIME STEPS'
READ (*,*) LSKIP
WRITE(*,*) IF YOU WANT ITERIM TEMPERATURE ARRAY PRINT-OUTS THEN
WRITE(*,*) TYPE IN PSKIP (EXAMPLE: EVERY 50111 TimE STEP)'
WRITE(*,*) ' OTHERWISE, DEFAULT WIT CARRAIGE RETURN)
WRITE( *, *)' NOTE minim.
WRITE(*,*) THIS OPTION CAN PRODUCE AN ENORMOUS AMOUNT OF OUTPUT
WRITE(*,*) DEFAULT SETTING IS "NO ITERIM PRINTS", MAX IS 10'
WRITE(*,*)
WRITE(*,*) CURRENT SETTING IS ', PSKIP
READ (*,*) PS KIP
125 CONTINUE
IF(TSTOP.LT.BIG.AND.TSTOP.LE.DT*(NSTEPS-1)) NSTEPS = INT(TSTOP/DT)
LF(METHOD.EQ.PSOR'.0R. METHO D.EQ.LS OR') THEN169
WRITE(*,*) TYPE IN SOR FACTOR (OMEGA) 0 WILL CALL OMEGA-OPT
WRITE(*,*) OMEGA = 0 FOR FOR PSOR ONLY!!'
130 READ(*,*) OMEGA
IF(OMEGA.LT.0..OR.OMEGA.GT.2.)THEN
WRITE(*,*) 'OMEGA = ',OMEGA,' OUT OF RANGE - TRY AGAIN'
GO TO 130
ENDIF
ENDIF
WRITE(*,*)
WRITE(*,*) ' REVIEW ? - CR MEANS NO'
ANS=
READ(*,1025) ANS
IF(ANSEQ.'Y'.0R.ANS.EQ.'y') THEN
WRTTE(**)
WRITE(*,*) METHOD IS ',METHOD
WRITE(*,*)
WRITE(*,*) ' TIME STEP SIZE, DT =', DT,SECONDS'
WRITE(*,*) NUMBER OF STEPS, NSTEPS = NSTEPS
WRITE(*,*) TIME LIMIT, TSTOP =TSTOP,' SECONDS'
IF(.NOT.CONTROL(1)) THEN
WRITE(*,*) INITIAL TEMP, TINIT =TINIT: DEGREES C
ENDIF
WRITE(*,*) IMPLICIT FACTOR, F = ',F
IF(METHODEQ.PSOR'.ORME1110D.EQLSOR') THEN
WRITE(*,*) ITERS/TIME STEP, ITMAXT =ITMAXT
WRITE(*,*) SOR FACTOR, OMEGA =', OMEGA
WRITE(*,*) CONVERGE CRITERION, TCRIT = ',TCRIT: DEGREES C
WRITE(*,*) CONVERGE CRITERION, QMAX = QMAX,' WATTS'
FNDIF
WRITE(*,*) LINE SKIPPING,LS KIP =', LS KIP
WRITE(*,*) ARRAY SKIPPING,PSKIP =PSKIP
ENDIF
WRITE(*,*) START OVER ? - CR MEANS NO'
ANS=
READ(*,1025) ANS
IF(ANS.EQ.'Y'.0R.ANS.EQ.'y') GO TO 50
IF(METHOD.EQ:EXPLICIT) MFTIINO = 1
IF(METHOD.EQ.'PSOR')METHNO = 2
IF(METHODEQ.'LSOR')METH NO = 3
IF(METHOD.EQ.'ADT) mETIINo = 4
IF( METH OD.EQ'S AULEV) M ETIINO = 5
IF(METHOD.EQ.'LARKIN')METIINO = 6
IF(OMEGAEQ.O.AND.IvIETIIODEQ:PSOR') THEN
WRITE(*,*) FINDING OPTIMUM OMEGA FOR PSOR'
CALL OPTOMEG(LARGE,OMEGA)
WRITE(*,*) 'MAN, I FOUND II'!!-
ENDIF
IF(OMEGA.LT.SMALL) THEN
WRITE( *, *)' OMEGA INCORRECTLY SET - - TRY AGAIN IT
WRITE(*,*) CURRENT VALUE OF OMEGA =', OMEGA
GO TO 70
ENDIF
C** LETS WRITE OUT SOME STUFF HERE !
WRITE(LOUT,1003) METHOD,NNIAXLNMAX2,DX1(1,1),DX2(1,1),DT,NSTEPS,
1 TSTOP,F
IF(METHNO.EQ.2.0R.METIINO.EQ.3) THEN
WRITE(LOUT,1004) OMEGA ,ITM A X ,QM A X,TIN IT
ENDIF
WRITE(*,1001) MONIT
WRITE(LOUT,1001) MON n-
C** SET INITIAL TEMPERATURES IN COMPUTATIONAL REGION
IF(CONTROL(1)) GO TO 200170
DO 150 J = 2,NMAX2-1
DO 150I = 2,NMAX1-1
IF(MAT(I,J).LE.1000) T(I,J) = TINIT
TOLD(I,J) = T(I,J)
IF(I.EQ.2) T(I,J) = 300.
IF(I.EQ.3) T(I,J) = 300.
IF(I.EQ.4) T(I,J) = 300.
150 CONTINUE
200 CONTINUE
300 CONTINUE
DO 600 N = 1,NSTEPS
NSTEP = NSTEP + 1
TYME= TYME + DT
C** CALL CONNECTORS(1), (2), AND (3) HERE FOR NONLINEAR PROPERTIES
GO TO (410,420,430,440,450,460), METIINO
410 CONTINUE
CALL EXPLICIT(SUMEXP,TUMAX)
GO TO 500
420 CONTINUE
CALL EXPLICIT(SUMEXP,TUMAX)
CALL TPSOR(F,TU MAX)
GO TO 500
430 CONTINUE
CALL EXPLICIT(SUMEXP,TUMAX)
CALL TLSOR(F,TUMAX)
GO TO 500
440 CONTINUE
CALL EXPLICIT(SUMEXP,TUMAX)
CALL ADI(F,TUMAX)
GO TO 500
450 CONTINUE
CALL SAULEV(TUMAX)
GO TO 500
460 CONTINUE
CALL LARKIN(TUMAX)
500 CONTINUE
IF(MOD(NSTEP,LSKIP).EQ.0) TIIEN
C** PRINT INTERIM (MONITOR) RESULTS TO IIARD COPY DEVICE AND SCREEN
WRITE(LOUT,1002) NSTEP,TYME,T(MONIT(1),MONIT(2)),
1 T(MONIT(3),MONIT(4)),T(MONIT(5),MONIT(6)),
1 T(MONIT(7),MONIT(8)),T(MON IT(9),MONIT( 10)),
I T(MONIT(11),MONIT(12)),T(MONIT(13),MONIT(14)),
1 T(MONIT(15),MONIT(16)),T(MONIT(17),MONIT(18)),
1 T(MONIT( 19),MONIT(20)),T( MON IT( 21),MON IT(22)),
1 T(MONIT(23),MONIT(24)),T(MONIT(25),MONIT(26)),
1 T(MONIT(27),MONIT(28)),T(MONIT(29),MONIT(30))
WRITE(*,1002) NSTEP,TYME,T(MONnx1),MONIT(2)),
1 T(MONIT(3),MONIT(4)),T(MONIT(5),MONIT(6)),
1 T(MONIT(7),MONIT(8)),T(MONIT(9),MONIT(10)),
1 T(MONIT(11),MONIT(12)),T(MONIT(13),MONIT(14)),
1 T(MONIT(15),MONIT(16)),T(MONIT(17),MONIT(18)),
1 T(MONIT(19),MONIT(20)),T(MONIT(21),MONIT(22)),
I T(MONIT(23),MONIT(24)),T(MONIT(25),MONIT(26)),
1 T(MONIT(27),MONIT(28)),T(MONIT(29),MONIT(30))171
C**
ENDIF
IF(MOD(NSTEP,PSKIP).EQ.O.AND.KOUNT.LE.PLIMIT) THEN
PRINT ARRAYS FOR THIS TIME STEP TO HARD COPY DEVICE
CALL AWRITER (2,NSTEP,T,TRANSIENT TEMPERATURE ')
KOUNT = KOUNT + 1
ENDIF
C** HERE WE TEST IF A SPECIFIED LAYER HAS REACHED IGNITION CONDITION
C** OR IF STEADY STATE IS ACHIEVED
C WRITE(*,*)'FUMAX
C IF(TUMAX.LE.TCRIT) THEN
C CALL QELAST(QERROR)
C 1F(QERROR.LT.QMAX) THEN
IF(T( MO N IT(29) , MO N IT(30)) G E.3000) THEN
WRITE(*, 1007) NSTEPS ,T1 CR IT
WRITE(LOUT,1007) NSTEP,T1CR IT
C WRITE( *,1006) NSTEP,TUMAX,TCRIT,QERROR,QMAX
C WRITE(LOUT,1006) NSTEP,TUMAX,TCRIT,QERROR,QMAX
GO TO 610
ENDIF
C ENDIF
600 CONTINUE
610 CONTINUE
ANS= "
WRITE(*,*) ' TYPE E TO EXIT - CR TO CONTINUE WITH ITERATION'
READ(*,1025) ANS
IF(ANS.EQ:E.OR.ANS.EQ:&) GO TO 650
C** WRITE OUT TEMPERATURE ARRAY
C CALL AWRITER (2,NSTEP,T,TRANSIENT TEMPERATURE ')
WRITE*,*) 'NEW DT ?'
READ(*,*) DT
WRITE(*,*) 'NEW F ?'
READ(*,*) F
WRITE(*,*) 'NUMBER OF ADDITIONAL TIME STEPS ?'
READ(*,*) NSTEPS
GO TO 300
650 CONTINUE
C** FIND MAX AND MIN ALONG WITH I,J LOCATIONS
CALL AS MAX( N MAX 1,N M AX 2, MAT,T, I MAX ,J MAX,TMA X)
CALL AS MIN(NMAX LNMA X 2,N1 AT,T,IMIN,JMIN,TMIN)
WRITE(*,*) TMAX,TMIN =TMAX, TMIN,IMAX,JMAX,IMIN,JMIN
WRITE(*,1005)NSTEP, DT, DTMAX,TYME,TMAX,IMAX,JMAX,TMIN,
1 IMIN,JMIN
WRITE(LOUT,1005) NSTEP,DT,DTMAX,TYME,TMAX,IMAX,JMAX,TMIN,
1 IMIN,JMIN
C** COULD WRITE OUT ANY OTHER INTEGER ARRAY WITII "IWRITER"
C** WRITE OUT TEMPERATURE ARRAY
CALL AWRITER (2,NSTEP,T,TRANSIENT TEMPERATURE ')
ANS=
WRITE(*,*) ' TYPE Q TO QUIT - CR TO CONTINUE WITH NEW CASE
READ(*,1025) ANS
F(ANS.EQ:Q.OR.ANS.EQ:4) RETURN
GO TO 100
C** OUTPUT FORMATS
1001 FORMAT(//30X,TRANSIENT DETAILS'//172
1' TIME TIME ITERS DEL-T Q-E ',10X; MONITOR TEMP'/
2' STEP SEC C W ',4(7(',13,',',13,T,2X)/)
1002 FORMAT( 18, 1 X ,F10.8,2X ,5 F9 .2/5 X ,8F9.2/5 X ,2F9.2)
1003 FORMAT(
/5X,NUMBER OF CELLS IN XI-DIRECTION, NMAX1 - - - 2,15
2/5X; NUMBER OF CELLS IN X2-DIRECTION, NMAX2 - - - 2,15
3/5X,WIDTH OF CELLS IN X1- DIRECTION, DX1 ',F I 0.5
4/5X; WIDTH OF CELLS IN X2-DIRECTION, DX2 ',F10.5
5 /5X,'TIME STEP SIZE, SECONDS , DT ',F10.8
7 /5X,'MAXIMUM NUMBER TIME STEPS , NSTEPS- - - 2,18
8/5X;SIMULATION TIME LIMIT SEC , TSTOP - --- ',1P,E12.3
9/5X; IMPLICIT FACTOR , F ',OP,F7.2
B)
1004 FORMAT(
USX:OVER-RELAXATION FACTOR , OMEGA 2,F8.3
2/5X; MAXIMUM NUMBER ITERATIONS , ITMAXT- - - 2,14
3/5X,DELTA-PHI ERROR CRITERION , TCRIT - - - 2,IP,E12.3
4/5X;HEAT BALANCE ERROR CRITERION, QMAX - - - 2,0P,F8.3
5/5X,'INMAL TEMPERATURE , TINIT - - - 2,1P,E11.4
6)
1005 FORMAT(//
+25X,TRANSIENT SOLUTION SUMMARY 7
1/15X;TOTAL NUMBER OF TIME STEPS, NSTEPS - - -',I8
5 /15X,TIME STEP SIZE, SECONDS, DT ',F12.8
2/15X,'MAXIMUM EXPLICIT STABLE DT , DTMAX - - - 2,F10.8
8/15X,TOTAL SIMULATION TIME, SEC, TSTOP - - - - ',IP,E12.3
5/15X;MAXIMUM SYSTEM TEMPERATURE , TMAX - - - 2,0P,F10.5
6 /15X,' LOCATION , T(I,J)- - -T(',I3,',',
7I3,')'
8 /15X; MINIMUM SYSTEM TEMPERATURE, TMIN - - - -',F10.5
9/15X; LOCATION, T(I,J)- -T(',I3,',',
A 13,T
B/)
1006 FORMAT(15X; STEADY STATE ACHIEVED !'/
1 /15X; NUMBER OF TIME STEPS REQUIRED , NSTEP- - 2,15
1/15X,DELTA-T : DEGREESII'IME STEP, DTMAX --IP,E12.3
3/15X,'SSTATE DELTA-T CRITERION , TCRIT - - - - ',1P,E12.3
4/15X;HEAT BALANCE ERROR ,WATTS, QERROR - - 2,0P,F8.3
4/15X,'HEAT BALANCE ERROR CRITERION, QMAX - - - 2,0P,F8.3
6)
1007 FORMAT( 15X,' FINAL CONDITION ACHIEVED 17
I/15X,'NUMBER OF TIME STEPS REQUIRED , NSTEP- - 2,15
1 /15X,'IGNITION TEMPERATURE CRITERION , -nom' - - - ',1P,E12.3
6)
1025 FORMAT(A1)
1030 FORMAT(A 10)
END
c..*********************************************************************
SUBROUTINE CONNECTOR(MODE)
LNCLUDEPARAMETERS.FOR'
INCLUDE TEEAT.FOR'
C** MODE = 1 CALCULATE THE THERMAL CONDUCTIVITY ARRAY
C** MODE = 2 CALCULATE TIIE CONNECTOR ARRAYS
C** MODE = 3 CALCULATE THE BETA ARRAY
GO TO (100,200,300),MODE
100 CONTINUE
CALL PROPLIB
GO TO 800
200 CONTINUE
C** COMPUTE CONNECTORS, CX1(1,1) AND CX2(I,J)
HX1 = BIG
11X2= BIG
DO 250 J = I,NMAX2-1
DO 250 I = I,NMAX1-1173
C HX1= HC1(I,J)
C HX2= HC2(I,J)
CX1(I,J) = DX1(I,J)/CAY(I,J)+DX1(1+1,J)/CAY(I+1,J) + 2./11X 1
CX1(I,J) = 2.*AR1(I,J)/CX1(1,J)
CX2(I,J) = DX2(1,J)/CAY(I,J)+DX2(I,J+1)/CAY(I,J+1) + 2./11X2
CX2(I,J) = 2.*AR2(I,J)/CX2(I,J)
250 CONTINUE
GO TO 800
300 CONTINUE
DO 350 J = 2,NMAX2-1
DO 350 I = 2,NMAX1-1
BETA(I,J) = BETA(I,J)/CV(I,J)
C BETA(I,J) = BETA(I,J)/1.
350 CONTINUE
800 CONTINUE
RETURN
IND
c+***************************.***.******************************* ***** **
SUBROUTINE QELAST(SUMQ)
INCLUDE 'PARAMETERS.FOR'
INCLUDE 'HEAT.FOR'
SUMQ= 0.
QGEN= 0.
DO 100 J = 2,NMAX2-1
DO 100 I = 2,NMAX1-1
IF(MAT(I,J).LE.1000) THEN
C QGEN = Q(I,J)
DP= CX1(I,J)+CX2(I,J)+ CX1(I- I,J) +CX2(I,J -1)
QERR = CX1(1,J)*T(I+1,J) + CX I (I-1,J)*T(I-LJ) +
1 CX2(I,J)*T(I,J+1) + CX2(I,J-1)*T( I ,J-1) - DP*T(I,J)-
2 QICIN
SUMQ = SUMQ + ABS(QERR)
END IF
100 CONTINUE
RETURN
11\D
C***********************************************************************
SUBROUTINE EXPLICIT(SUMEXP,TUMAX)
INCLUDE 'PARAMETERS.FOR'
INCLUDE 'HEAT.FOR'
SUMEXP = 0.
TUMAX = 0.
TM = 0.0
TB1 = 0.0
ER = 33000.0/1.987
DEN= 2.5
ENTH= 675.1
TB2F= 300.
POWER= 2./3.
SIGMA= 1.3699*10.0**(-12)
EPS I= 0.8
AMC= 12.0
AMTI= 48.0
AMTIC= 60.0
DENC= 2.20174
DENT!= 4.54
DENTIC = 5.00
ABETA= 0.0025
A = 1.0
BB = 0.0
cno= A/((A*AMTI/DENTI)+(BB*AMTIC/DENTIC))
DIA = DX2(1,1)*2.*(NMAX2-2)
DO 700 1 = 2,NMAX1-1
TM = MAX(TM,T(I,NMAX2-1))
700 CONTINUE
TF = (TM + 301.0)*0.5
DO 800 I = 2,NMAX1-1
IF(THETA(I,NMAX2-1).LT.0.01) TI1EN
TB! = TB1 + T(I,NMAX2 -1)
NDIF
800 CONTINUE
C**
C
C
C**
C
1
1
50
TB = TB1/(ALBEHIND/DX 1(1,1))
IF(TB.LE.1000.) THEN
TB = 1000.0
ENDIF
CALCULATE THE FILM TEMPERATURES
TFF = (TF + TB2F)/2.0
TFB = (TB + TB2F)/2.0
CALCULATE PROPERTIES AT FILM TEMPERATURES
GBNF = 696.7 1*(10.**(-2.9767*( 10.**(-3))*TFF))
GBNB = 696.7 1*(10.**(-2.9767*(10.**(-3))*TFB))
AKF = ( 1.42*10.**(-5))+( 1.1 329*10.**(-7)*TFF)-
(2.242*(10.**(-1 1))*(TFF**2))
AKB = (1.42*10.**(-5))+(1.1329*10.**(-7)*TFB)-
(2.242*(10.**(-11))*(TFB**2))
PRF=.65 98
PRB=.6604
CONTINUE
DO 100 J = 2,NMAX2-1
DO 100 1 = 2,NMAX1-1
1F(MAT(I,J).LE.1000) THEN
ALAMDA(I,J) = 200.0*EXP(-ER/T(1)))
DEL(I,J) = DEL(I,J) (DT*((6.*(1.+2.*ABETA)*AMC*CTIO*
1 ALAMDA(I,J))/(A B ETA *DENC))*(TI IETA(I,J)*DEL(1,1)**(113 )))
1F(DEL(I,J).LT.0.01) THEN
DEL(I,J) = 0.0
ENDIF
THETA(I,J) = ((A-1.)+ DEL(I,J)) *((A *AMTI/DENTI) +(BB *AMTIC/
1 DENTIC))/(A*(MA- 1.)+(DEL(I,J)))*AMTUDENTI)+(((BB+ 1 .)-
I (DEL(I,J)))*AMTIC/DENTIC)))
IF(THETA(I,J).LT.0.01) THEN
THETA(I,J) = 0.0
ENDIF
IF(THETA(I,J).LE.0.90) GO TO 25
Q(I,J)=DEN*ENTH*CV(I,J)*(TIIETAOLD(I,J)-THETA(1,J))/DT
GO TO 26
25 O(1,J)=DEN*ENTLI*CV(I,J)*(T1IETAOLD(I,J)-THETA(I,J))/DT
26 CONTINUE
IF(J.E.O.NMAX2-1.AND.TIIETA(INMAX2-1).LT.0.01) TIIEN
ALB=ALENGTH-DX1(1,1)*(1-1)
IF(ALB.LE.0.0) THEN
ALB=DX1(1,1)
ENDIF
RAB=((PRB*GBNB*(TB-TB2S))**0.25)*DIA/(ALB**0.25)
RATIOB=1.3896-0.19759*LOG 10(R AB)
ANULEPI3,--(4.13.)*0.544*(GBNB*(TB-TB2S)*(ALB**3)/4.)**0.25175
HB=(AKB/ALB)*RATIOS*ANULFPB
QCON=HB *AR2(1,NMA X2-1)*(T(J,J)-TB 2F)
QRAD =EPSI* SIGMA *AR2(I,N MAX2-1)*(T(I,J)**4-TB2F**4)
Q(I,J) = Q(I,J) - QCON - QRAD
ENDIF
IF(LEQ.NMAX2-1.AND.THETA(1,NMAX2-1).GT.0.01) THEN
IF(T(I,NMAX2-1).GE.301.0) TIIEN
ALF=ALENGTH-DX 1(1,1)*(I- 1)
IF(ALF.LE0.0) THEN
ALF=DX1(1,1)
ENDIF
RAF=((PRF*GBNF*(TF-TB2S))**0.25)*DIA/(ALF**0.25)
RATIOF=1.3896-0.19759*LOGI0(RAF)
ANULFPF=(4./3.)*0.544*(G BNF*(TF-TB2S)*(ALF**3)/4.)**0.25
HF=(AKF/ALF)*RATIOF* A NULEPF
QCON=HF* AR2(1, NMAX 2- 1)* (T(I ,J)-TB2F)
QRAD=EPSI*S IGMA*AR2(I,N M A X2-1)*(T(I,J)**4-TB2F* *4)
Q(1,1) = Q(I,J) - QCON - QRAD
ENDIF
ENDIF
IF(I.EQ.2.AND.TIIETA(2,1).GT.0.01) THEN
Q(I,J) = Q(I,J) + 10.0*AR1(2,J)
ENDIF
DP = CX1(1,J)+CX2(1,J) + CX1(I-1,J)+CX2(1,1-1)
DPH =(CX1(I,J)*T(1+1,.1) + CX1(1-1,J)*T(1-1,J) +
1 CX2(I,J)*T(I,J+1) + CX2(1,1-1)*T(1,1-1) -
2 DP*T(I,J) + Q(I,J)) * B ETA (I,J) * DT
ETA(I,J) = DPH
T(I,J) = T(I,J) + ETA(I,J)
TUMAX = MAX(TUMAX,A BS (ETA(J,J)))
SUMEXP = MAX(SUMEXP,DP*IIETA(1,J))
ENDIF
100 CONTINUE
c ***********
C ***********
DO 150 I = 2,NMAX1-1
IF(THETA(LN MA X2-1).GE.0.99) TIIEN
ALBEHIND = DX1(1,1)*(1-1)
ENDIF
IF(T(I,NMAX2-1).GE.301.0) THEN
ALENGTH = DX 1(1,1)*(I-1)
ENDIF
150 CONTINUE
ALFRONT = ALENGTII-ALBEI I IN I)
IF(ALFRONT.EQ.0.0) TIIEN
ALFRONT = DXI(1,1)
ENDIF
160 CONTINUE
DTMAX= 1./SUMEXP
DO 300 J = 2,NMAX2-1
DO 300 I = 2,NMAX1-1
THETAOLD(I,J) = THETA(I,J)
300 CONTINUE
200 CONTINUE
RETURN
END
c***********************************************************************
SUBROUTINE TPS OR(FIMP,TU MAX)
INCLUDE 'PARAMETERS.FOR'
INCLUDE 'HEAT.FOR'176
RETURN
END
c********************************************** ** ti it ** ** ** **** ** Si ** *Se*
SUBROUTINE ms OR(FIMP,TU MAX)
INCLUDE 'PARAMETERS IOW
INCLUDE HEAT.FOR'
C** SORRY!! NO ONE IS HOME!!
RETURN
END
C * * ** ** ** *X** ******** **A,* ** *4, ** *** ** *4, ** ** *7, *4. ** ** ** 4.* *44*** **** ** *****
C**
SUBROUTINE ADI(FIMP,TUMAX)
INCLUDE 'PARAMETERS IOW
LNCLUDETIEAT.FOK
TUMAX= 0.
SORRY!! NO ONE IS HOME !!
RETURN
END
c***********************************************************************
SUBROUTINE S AULEV(TU MAX )
INCLUDE 'PARAMETERS.FOR'
INCLUDE ITEAT.FOR'
C** SORRY!! NO ONE IS HOME !!
RETURN
END
SUBROUTINE LARKIN(TUMAX)
INCLUDE 'PARAMETERS IOW
INCLUDE '11EAT.FOR.
C** SORRY!! NO ONE IS HOME !!
RETURN
ENT)
c*********,.**************************************.**********************
C**
C**
SUBROUTINE TRIDIAG(M,AM,AP,AC,B)
INCLUDE 'PARAMETERS.FOR
DIMENSION AM(MAXLINE),AC(MAXLINE),AP(MAXLINE),B(MAXLINE)
THIS SOLVER NORMALIZES TIIE DIAGONAL TO 1.0
ELIMINATES NEED FOR DIVISION ON BACK-SUBSTITUTION.
AP(1)= AP(l) /AC(1)
B(1)= B (I) /AC(1)
DO 100 K = 2,M
BET = 1./(AC(K)-AM(K)*AP(K-1))
AP(K)= AP(K)*BET
B (K)= (B(K)+AM(K)*B(K-1))*BET
100 CONTINUE
C**
DO 200 K = M-1,1,-1
B(K)= B(K) + AP(K)*B(K+1)
200 CONTINUE177
RETURN
END
c*********************ink ***** ***************************************
SUBROUTINE PROPLIB
INCLUDE PARAMETERSIOW
INCLUDE 'HEAT.FOR'
REAL *8 KAY,KELVIN
C** SUBROUTINE COMPUTES SI THERMAL CONDUCTIVITY
C** TC - - DEGREES CENTIGRADE
C** CAY WATI'S/M-DEGREE C ( OR K) ALSO - KAY)
RP= PREF/8314.
DO 700 J = 1,NMAX2
DO 700 I = 1,NMAX1
TC= Tarn
KELVIN = TC + 273.15
PFACT = RP/KELVIN
MATNO = MAT(I,J)
IF(MATNO.GT.15) GO TO 500
GO TO (110,120,130,140,150,160,170,180,190,200,210,220,230,240,
1 250), MATNO
110 CONTINUE
KAY = 1.E-30
RHON = 1.
SPHT = 1.
AMU = 1
GO TO 600
120 CONTINUE
KAY = 1.E+30
RHON = 1.
SPHT = 1.
AMU = 1
GO TO 600
130 CONTINUE
KAY = 40.15 +0.0190*TC
RHON = 515. -0.101*(TC-200.)
SPHT = 4186.8
AMU = KELVIN**(-.7368)*10.**(.4936+109.95/KELVIN)*.01
IF(TC.GT.800.) THEN
AMU = 10.**(726.07/KELVIN -1.3380)*.001
ENDIF
GO TO 600
140 CONTINUE
GO TO 600
150 CONTINUE
GO TO 600
160 CONTINUE
KAY = 0.00337*(KELVIN)**0.668
RHON = 4.003*PFACT
SPHT = 1.24*4168.6
AMU = 4.7744E-7*KELVIN**.6567
GO TO 600
170 CONTINUE
KAY = 0.015673 + 4.8226E-5*TC-1.7226E-8*TC*TC+4.0703E-12*TC**3
RHON = 39.948*PFACT
SPHT = .12428*4186.8
AMU = (2.0377+.006254*TC-2.69584E-6*TC**2+6.30257E-10*TC**3)
1 * LE-5GO TO 600
180 CONTINUE
GO TO 600
190 CONTLNUE
GO TO 600
200 CONTINUE
GO TO 600
210 CONTINUE
GO TO 600
220 CONTINUE
GO TO 600
230 CONTINUE
GO TO 600
240 CONTINUE
GO TO 600
250 CONTINUE
GO TO 600
500 CONTINUE
IF( MAT(I, J).EQ.1000)THENEN
KAY = 0.0040
RHON = 2.5
SPHT = 0.220
AMU = 1
ELSEIF(MAT(I,J).EQ.1001) THEN
KAY = 1.E-30
RHON = 1.
SPHT = 1.
AMU = 1
ELSEIF(MAT(I,J).EQ.1002) THEN
KAY = 1.E +30
RHON = 1.
SPHT = 1.
AMU = 1
ELSEIF(MAT(I,J).EQ.1003) THEN
KAY = 1.E-30
RHON = 1.
SPHT = 1.
AMU = 1
ENDIF
600 CAY(I,J) = KAY
BETA(I,J) = 1./(RHON*SPHT)
AMU = AMU
700 CONTINUE
RETURN
END
c***********************************************************************
C**
SUBROUTINE ASMIN(NMAX1,NMAX2,MAT,A,II,JJ,AMIN)
FIND INDICES LOCATION AND MINIMUM OF A
INCLUDE 'PARAMETERS IOW
REAL *8A(MAX1,MAX2),AMIN
DIMENSION MAT(M AX 1,MA X 2)
II=2
JJ = 2
178179
AMIN= A(2,2)
DO 100 J = 2,NMAX2-1
DO 100 I = 2,NMAX1-1
IF(MAT(I,J).LE.1000) THEN
IF(A(I,J).LT.AMIN) THEN
AMIN = A(I,J)
JJ= J
II=I
ENDIF
ENDIF
100 CONTINUE
RETURN
END
c************************* ****** * ****** ************* ******* *************
C**
C**
SUBROUTINE ASMAX(NMAXLNIvIAX2,MAT,A,11,JJ,AMAX)
FIND INDICES LOCATION AND MAXIMUM OF A
INCLUDE PARAMETERS TOR'
REAL *8A(MAX1,MAX2),AMAX
DLMENSION MAT(MAX1,MAX2)
II=2
JJ = 2
AMAX= A(2,2)
DO 100 J = 2,NMAX2-1
DO 100 I = 2,NMAX1 -I
IF(MAT(1,1).LE.1000) THEN
LF(A(1,1).GT.AMAX) THEN
AMAX = A(I,J)
JJ= J
II=I
ENDIF
ENDIF
100 CONTINUE
RETURN
c********** ***** ********************************************************
C**
SUBROUTINE AWRITER (MODE,NSTEP,ARRAY,LABEL)
GENERAL REAL ARRAY WRITER
LNCLUDE'PARAMETERS.FOR'
INCLUDE 'HEAT.FOR'
REAL*8 ARRAY( MAX 1,MAX2)
CHARACTER *32 LABEL
C** TRIM THE TRAILING BLANKS FROM LABEL
DO 10 I = 32,1,-1
IF(LABEL(I:1).GT.' ') GO TO 20
10 CONTINUE
20 CONTINUE
IF(MODE.EQ.1) W12.ITE(LOUT,1000) LA B EL(1:1),NSTEP
IF(MODE.EQ.2) WRITE(LOUT,1005) LABEL(1:I),NSTEP,TYME
N2 = 0
100 CONTINUE
N1= N2 + 1
N2= N1 + 9
IF(N2.GT.NMAX I) N2 = NMAX1
WRITE(LOUT,1001) (NIX(1),I=NI,N2)
WRITE(LOUT,1002) (X1(I) ,I= NI,N2)
DO200 J = 1,NMAX2
JN= NMAX2+1-1
WRITE(LOUT,1003) 1N,X 2(1N ),( AR R A Y(1,1N), I=N I ,N2)
200 CONTINUE
IF(N2.NE.NMAX1) GO TO 100
RETURN
1000 FORMAT(//30X,A32,' ARRAY OUTPUT FOR ITERATION NUMBER:',I5//)
1001 FORMAT(/14X:1 = ',10(I8,3X))180
1002 FORMAT( 9X,'X1 = ',10(F10.4,1X)/)
1003 FORMAT( '1=',I3,' X2=',F8.3,1P,10E11.3)
1005 FORMAT(//20X,A32,' ARRAY OUTPUT FOR TIME STEP NUMBER:',I5; TIME
1 = ',F15.4,SECONDS' //)
END
c*******************************m*************************************
C**
SUBROUTINE IWRITER (NARRAY,LABEL)
GENERAL INTEGER ARRAY WRITER
INCLUDE 'PARAMETERS .FOR'
INCLUDE 'HEAT.FOR'
INTEGER *4 NARRAY(MAX1,MAX2)
CHARACTER *32 LABEL
CHARACTER *4 DUMMY(MAXI),CARRAY(MAX1)
C**
C** TRIM THE TRAILING BLANKS FROM LABEL
DO 10 I = 32,1,-1
IF(LABEL(I:I).GT.' ') GO TO 20
10 CONTINUE
20 CONTINUE
C.**
N2 = 0
100 CONTINUE
N1 = N2+1
N2 = NI+39
IF(N2.GT.NMAX1) N2 = NMAX 1
WRITE(LOUT,1000) LA BEL(1:1)
WRITE(LOUT,1001) (NIX(N),N=N1,N2)
DO 200 J = 1,NMAX2
JN= NMAX2 +1 -J
WRITE(DUMMY;(14)) (NARRAY(I,JN),I = 1,NMAX1)
READ (DUMMY,*(A4)') ( CARRAY(I)= I ,NMAX1)
DO 300 I = N1,N2
IF(CARRAY(I).EQ.'1000') CARRAY(I) ='M'
IF(CARRAY(I).EQ.'1001') CARRAY(I) ='V'
IF(CARRAY(I).EQ.'1002') CARRAY(I) ='D'
IF(CARRAY(1).EQ:1003') CARRAY(I) ='N'
300 CONTINUE
WRITE(LOUT,1002) JN,(CARRAY(1)(2: 4),I=N I ,N2)
200 CONTINUE
IF(N2.NE.NMA X1) GO TO 100
RETURN
1000 FORMAT( /A32//
1 15X,'M = MODEL MATERIAL/
2 15X,'D = DIRICHLET BOUNDARY'/
3 I5X,'V = VON NEUMANN BOUNDARY'/
4 15X,'N = NULL CELL')
1001 FORMAT(I I = ',5X,4013/)
1002 FORMAT( 'J = ',13,2X,40A3)
END
C ********************************************** ****** **********************************************************
PROGRAM HEAT.FOR
COMMON/AS 1ZE/ T(MAX 1,MA X 2),B ETA(M AX1,MAX2),
1 CX1(MAX 1,MAX2),CX2(MA X 1,MAX2),ETA(MAX1,MA X2),
2 11C1(1,1),IIC2( 1,1),DPIII(MA X I ,MA X2),THETA(MA X I ,MA X2),
3 DX HMAXLMAX2),DX2(MAX 1,MAX2),R(MAX2),
4 AR1(MAX I ,MAX2),AR2(MA X 1,MA X2),Q(MAX 1,MAX2),
5 CAY(MAX1,MA X2),MAT(MAX 1,MA X2),C V(MAXI,MA X2),
6 KMAT(NMAT),THETAOLD(MAXI,MAX2),TDIFF(MAXI,MAX2),
7 TOLD(MAX1,MAX2),THDIFF(MAXI,MAX2),THDIFFOLD(MAXLMAX2),
8 DEL(MAX 1,MAX2),PHI(MAXI,M AX2),ALAMDA(MA X I ,MA X2),
9 DELOLD(MAX1,MAX2)1 8 1
COMMON /OU I Fr/ NIX(MAX1),MONIT(30),X I (IvIAX 1),X2(MAX2)
COMMON/INTGR/ NMAX1,NMAX2,1TERSJEFFMAX,ITMAXT,LEVEL,NSTEPS
COMMON/REALS/ OMEGA,QMAX,QERROR,TCRIT,TINIT,PLTHETAI,T1CRIT,PREF
COMMON/REALS/ ALBEHIND,ALENGTH,ALFRONT,10,1IF
COMMON/PARAB/ F,TYME,EfF,TSTOP,DTMAX
COMMON/SOLVE/ AP(MAXLINE),AC(MAXLINE),AM(MAXLINE),B(MAXLINE)
COMMON/II COND/ TUB 1S, rui1 F;ITB2S,TTB 2F
COMMON/LOGIC/ CONTROL(10)
DIMENSION TSTAR(MAX I , MAX 2)
EQUIVALENCE (TSTAR(1,1),ETA ( 1,1))
C***************************************************** ***** ******* ******* ***********.********************
PROGRAM PARAMETERS.FOR
IMPLICIT REAL *8 (A-H2O-Z)
LOGICAL *4 CONTROL
CHARACTER *1 NEGU,NEGL
PARAMETER (MAXI=252)
PARAMETER (MAX2= 52)
PARAMETER (MAXLINE =252)
PARAMETER (NMAT= 15)
PARAMETER (BIG= 1.E+25)
PARAMETER (SMALL = I . E- 25)
PARAMETER (LARGE= 1000000)
PARAMETER (NEGU= 'N')
PARAME TER (NEGL=
PARAMETER (LOUT= 20)
PARAMETER (INP= 21)
SAVE182
APPENDIX B
TEMPERATURE DATA-ACQUISITION PROGRAM
10' PCLAB BASIC definition file (long names)
20This file may be MERGEd with a user program
30'to define routine offsets and establish the PCLAB
40'segment.
50 ADC.VALUE=3 : ADC.ON.TRIGGER=6
60 SETUP.ADC=9 : ADC.SERIES=12
70 BEGIN.ADC.DMA=15 : TEST.ADC.DMA=18
80 WAIT.ADC.DMA=21 : DAC.VALUE=24
90 DAC.ON.TRIGGER=27 : SETUP.DAC=30
100 DAC.SERIES=33 : BEGIN.DAC.DMA=36
110 TEST.DAC.DMA=39 : WAIT.DAC.DMA=42
120 SET.CLOCK.DIVIDER=45 : SET.SLOW.CLOCK=48
130 SET.CLOCK.FREQUENCY=51 : SET.CLOCK.PERIOD=54
140 ENABLE.FOR.INPUT=57 : ENABLE.FOR.OUTPU'T=60
150 INPUT.DIGITALVALUE=63 : OUTPUT.DIGITAL.VALUE =66
160 INPUT.DIGITALON.TRIGGER=69 : OUTPUT.DIGITAL.ON.TRIGGER =72
170 SET.ERROR.CONTROL.WORD=75: GET.ERROR.CODE=78
180 SFI.FCT.BOARD=81 : SET.BASE.ADDRESS=84
190 SET.DMA.CHANNEL=87 : SET.ADC.RANGE=90
200 SET.ADC.CHANNELS=93 : SET.DAC.RANGE=96
210 SET.LINE.FREQUENCY=99 : SET.TOP.GAIN=102
220 SET.TIMEOUT=105 : GET.DT.ERROR=108
230 RESET.DT=I 11 : GET.DT.STATUS=114
240 CALL.WFC=117 : CALL.WF0=120
250 CALL.WFI =123 : STOP.ADC.DMA =126
260 STOP.DAC.DMA=129 : CONTINUOUS.ADC.DMA=132
270 CONTINUOUS.DAC.DMA =135 : MEASURE.VOLTS=138
280 MEASURE.THERMOCOUPLE=141: MEASURE.COMPENSATION=144
290 ANALOG.TO.VOLTS =147 : VOLTS.TO.DEGREES=150
300 DEGREES.TO.VOLTS=153 : DELAY=156
310 STROBE=159 : WAIT.ON.DELAY=162
320 GENERATE.CLOCK=165 : COUNT.EVENTS=168
330 READ.EVENTS=171 : GET.FREQUENCY =174
340 STOP.CLOCK =177 : INITIALIZE=180
350 TERMINATE=183 : ISBX.READ=186
360 ISBX.WRITE=189 : FIND.DMA.LENGTH=192
370 ENABLE.SYSTEM.CLOCK=195: DISABLE.SYSTEM.CLOCK=198
380
390 DEF SEG =&H0 get the PCLAB segment
400 PCLSEG = PEEK ( &114FE ) + 256*PEEK ( &H4FF )
410 DEF SEG=PCLSEG address the PCLAB segment
420
430Copyright (C) 1983, 1987.Data Translation, Inc.100LockeDrive,
440'Marlboro Massachusetts 01752-1192.
460'General permission to copy or modify, but not for profit,is hereby
470 'granted,providedthattheabovecopyright notice is included and
480'reference made to the fact that reproduction privilegesweregranted
490'by Data Translation, Inc.
510 PRINT " A/D CONVERSION SERIES"
520 PRINT
530 PRINT "This PCLAB program performs a series of A/D"
540 PRINT "conversions on an operator-specified channel scan."
550 PRINT "This uses the Programmed I/O routine: ADC.SERIES"
560 PRINT183
570 ' Tested: 28 Nov 83
580 Modified: 18 Jan 85 for PCLAB V2.0
590 ' Tested: 24 Nov 86 for PCLAB V3.0
610 'All variables should be given initial values
620 'before being used in PCLAB calls.
640 INPUT " TOTAL NUMBER OF SCANS :", NUMBER.OF.VALUES%
650 DIM ANALOG.DATA.ARRAY%(NUMBER.OF.VALUES%)
660 ERROR.VALUE% = 0
680 CALL INITIALIZE
720 CALL SET.ERROR.CONTROL.WORD(ERROR.VALUE%)
740 HIGH.V! = .045 'Highest voltage in range
750 LOW.V1 = -.045 'Lowest voltage in range
760 RANGE! = HIGH.VI - LOW.V1 'Total voltage range.
780 NOCI = 4096!
800 LSBI = RANGE! / NOC!'Voltage of least Significant Bit.
810The following section sets up the A/D.
830 TIMING.SOURCE% = 0 Software trigger, internal clock.
850 'Select the proper board here.
860 BOARD% = 3
870 CALL SELECT.BOARD(BOARD%)
880Define channel scan.
940 INPUT " Enter the first channel in the scan ", START.CHAN%
950 INPUTEnter the last channel in the scan ", END.CHAN%
970 IF (START.CHAN% <= END.CHAN%) GOTO 1020
980 PRINTThe starting channel number";
990 PRINT "cannot be greater than the ending channel number."
1000 GOTO 940
1020 SCAN.LENGTH% = (END.CIIAN% + 1) - START.CHAN%
1030 NUMBER.OF.SCANS% = (NUMBER.OF.VALUES% / SCAN.LENGTH%) -1
1040 PRINT " This will perform "; NUMBER.OF.SCANS%; " complete scans."
1055 INPUT "MINIMUM TEMPERATURE TO WRITE";LIMIT
1060 INPUT " Enter the desired Gain (1,2,4,8) ", GAIN%
1080 CALL SETUP.ADC(TIMING.SOURCE%, START.CHAN%, END.CIIAN%, GAIN%)
1090 CALL GET.ERROR.CODE(ERROR.VALUE%)
1091 PRINT "error= ";ERROR.VALUE%
1100 IF ERROR.VALUE% = 0 GOTO 1130
1110 PRINT "*** Illegal channels or gain specified.": GOTO 940
1130 'SCALED.LSB! = LSB! / GAIN% 'Calculate scaled LSB
1140 'SCALED.LOW! = LOW.V1 / GAIN% 'Calculate scaled LOW voltage.
1150 CJCHAN% = 0
1151 TYPE%=116
1153 'CALL MEASURE.VOLTS(CJCHAN%,VOLTS!)
1155 PRINT "GAIN =";GAIN%,"VOLTS =";VOLTSI
1160 CALL ADC.VALUE(CJCHAN%, GAIN%, CJADATA%)
1170 CJTEMP = (((CJADATA% * .04) / 4096) - .02) * 2000
1171 CALL DEGREES.TO.VOLTS(TYPE%,CJTEMP,CJVOLTS)
1172 PRINT "CIVOLTS=";CIVOLTS
1175 PRINT "CJADATA =";CJADATA%,"CJTEMP =";CJTEMP
1180'Next set up the internal clock.
1200 INPUT " Enter the sampling frequency in Hz (13.-12000.) ",REQUESTED.FREQ
1210 CLOCK.DIVIDER% = (8000001 / REQUESTED.FREQ) - .5
1220 ACTUAL.FREQ = 800000! / CLOCK.DIVIDER%
1230 PRINT "Actual frequency is ";ACTUAL.FREQ;" Hertz"
1240 PRINT "Please wait I'm working."
1250 'PRINTRequested frequency is"; REQUESTED.FREQ;Hertz"
1260 'PRINT " "
1270 'PRINT " Please waitI'm working."
1290 'CALL ADC.VALUE(CJCHAN%, GAIN%, CJADATA%)
1300 'CJTEMP = (((CJADATA% * .04) / 4096) - .02) * 2000
1310 'CALL SET.CLOCK.FREQUENCY(REQUESTED.FREQ)
1320 CALL SET.CLOCK.DIVIDER (CLOCK.DIVIDER%)
1340'This performs the actual data collection.
1360 CALL DISABLE.SYSTEM.CLOCK' Turn off PC's time of day clock.
1370 CALL ADC.SERIES(NUMBER.OF.VALUES%, ANALOG.DATA.ARRAY%(1))184
1380 CALL ENABLE.SYSTEM.CLOCK ' Turn on PC's time of day clock.
1390 CALL GET.ERROR.CODE(ERROR.VALUE%) 'Clear any error status
1400 IF ERROR.VALUE% <> 0 THEN PRINT "Error during acquisition. ", ERROR.VALUE%
1420' Now ask for scan number to translate and display.
1440 PRINT
1450 'INPUT " Do you want to save the data on your diskette?(Y or N)"; ANS$
1455 ANS$="Y"
1460 IF ANS$ = "N" OR ANS$ = "n" THEN END
1470 'INPUT " TYPE THE FILE NAME: "; FL$
1475 FLS="Three"
1480 OPEN FLS FOR OUTPUT AS #1 : OPEN "two" FOR OUTPUT AS #2 : CHANNELS="THREE":TIME=0
1484 PRINT ""
1485 INPUT "ENTER THE MAXIMUM TIME TO WRITE ";TIMEMAX
1486 PRINT ""
1490 PRINT "Wait... I'm writing."
1740 FOR SCAN% = 1 TO NUMBER.OF.SCANS%
1750 SP% = SCAN% * SCAN.LENGTH%
1760 FOR C.PNT% = 0 TO SCAN.LENGTH% -1
1770 CHANNEL% = C.PNT% + START.CHAN%
1790 'Convert analog data value into a voltage in volts
1800 'CALL ANALOG.TO.VOLTS(ANALOG.ARRAY%(SP% + C.PNT%), GAIN%, VOLTAGE!)
1810 VOLTAGE!. (( (ANALOG.DATA.ARRAY %(SP % +C.PNT %) * 9.000001E-02) /4096) - .045)
1815 'LPRINT "scan%=";SCAN%,"analog.array% =",ANALOG.DATA.ARRAY%(SP%+C.PNT%)
1820 'VOLTAGE! = (ANALOG.ARRAY%(SP%+C.PNT%) * SCALED.LSB!)+SCALED.LOW!
1825 TIME=TIME + 1/REQUESTED.FREQ
1826 IF TIME > TIMEMAX THEN GOTO 1890
1829 GOSUB 2000
1830 IF CHANNELS=THREE" AND TEMPERAT >LIMIT AND TIME TIMEMAX THEN BTIME=TIME :PRINT #1,
BTIME,TEMPERAT
1831 IF CHANNELS="THREE" THEN CHANNEL$="TWO": GOTO 1835
1832 IF CHANNELS="TWO" AND TEMPERAT>LIMIT AND TIME<TIMEMAX THEN BTIMF,=TIME :PRINT #2,
BTIME,TEMPERAT
1833 IF CHANNELS="TWO" THEN CHANNEL$ = 'THREE"
1835 'AVERAGE=AVERAGE+VOLTAGE :PRINT CHANNEL$,BTIME,TEMPERAT
1840 NEXT C.PNT%
1850 NEXT SCAN%
1855 AVERAGE=AVERAGE/(NUMBER.OF.SCANS%*2)
1870 'VOLT!=((( CJADATA%.04) /4096) - .02)
1880 'PRINT #1, "CJ VOLTAGE =",VOLT!
1885 'PRINT #1, "CJ TEMPERATURE =",CJTEMP
1886 SUM =VOLT! +VOLTAGE!
1887 'PRINT #1,"voltage!= ",VOLTAGE!
1888 'PRINT #1,'TOTAL VOLTS= ",SUM
1889 'PRINT #1,"AVERAGE = ",AVERAGE
1890 CLOSE #1 : CLOSE #2
1891 PRINT " End of A/D conversion":SYSTEM END
2000 ' subroutine to convert from volts to temperature
2005'correlations are only good for tungsten-rhenium termocouples
2010 IF VOLTAGE! < 1.01/1000 THEN TEMPERAT=31.8727 + 128.4919 * VOLTAGE!*1000
2020 IF VOLTAGE! >=1.01/1000 AND VOLTA GE1<9.390001/1000 THEN
TEMPERAT=155.0759*( VOLTAGE!*1000)A .8279
2030 IF VOLTAGE! >=9.390001/1000 AND VOLTAGE!<19.947/1000 THEN
TEMPERAT=107.6579+94.4076*VOLTAGEI*1000
2040 IF VOLTAGE! >=19.947/1000 AND VOLTAGE!<28.953/1000 THEN
TEMPERAT=76.3295*( VOLTA GE!*1000)A 1.0892
2050 IF VOLTAGE! >=28.953/1000 AND VOLTAGE!<35.978/1000 THEN
TEMPERAT=922.4559*EXP(.0407*VOLTAGEI*1000)
2060 IF VOLTAGE! >= 35.978/1000 THEN TEMPERAT=11.3566*(VOLTAGE!*1000)^1.6366
2090 TEMPERAT= (TEMPERAT-32)55/9 + 273 'CONVERTS TO DEGREES KELVIN
2095 TEMPERAT=TEMPERAT+45 calibrates for cold juntion temperature
2100 RETURN1 8 5
APPENDIX C
IGNITION METHODS
One of the major problems faced duringthecourseof the
experimental work was tofind an appropriate method of igniting
the green compact. Several methods were tried in order to initiate
reaction. In the first method tried a nichrome heating coil was used
to resistively heat the sample but the con melted before igniting the
sample.
Inthesecond method anelectricspark was usedtoinitiate
ignition. The sparks were created with the help of tungsten in gas
(TIG) welding system. The set-up was able to ignite a cylindrical
compact made from a thermite mixture (2Fe + A1203), but failed to
ignite a compact made of titanium and carbon mixture. Attempt was
then made toignitea compact whose top third was the thermite
mixture and the bottom two third was titanium and carbon mixture.
The top layer could be successfully ignited with the spark. Upon
ignition the reaction wave propagated through the thermite mixture
but stopped upon reaching the titanium and carbon mixture surface.
Third method used was the one suggested by Merzhanov et.al.
and isa patent in United States with patent #3,726,643. According
tothe method a compact of a mixture of titanium and carbon
powder can be ignited by igniting an ignition composition placed
over the sample withthehelp ofatungstenelectriccoil. The1 8 6
ignition composition isobtained by preparing five mixtures of the
following composition, parts by weight:
the first mixture CaSi2, 50; Fe2O3, 50
the second mixture CaSi2, 25; Fe2O3, 25; Mg, 3.15;
A1203, 19.35; SiO2, 27.5
the third mixture Mg, 6.3; A1203, 38.7; SiO2, 55
the fourth mixture Mg, 6.3; A1203, 38.7; SiO2, 55; Ti, 33.25;
B, 16.75
the fifth mixture Mg, 3.15; A1203, 19.35; SiO2, 27.5;
Ti, 66.5; B, 33.5.
The mixturesobtainedare compressed onewithanotherin
succession, from the first mixture to the fifth one. This method also
failed to ignite theinitial compact. Ignition composition could be
ignited very easily but it would not ignite the compact.
The last and the successful method used was discussed inthe
experimental procedures. The compacts were ignited by resistively
heated tungsten heating coils. The current needed was 65 amps. The
samples had to be heat treated in vacuum at about 500 C for at least
five hours. Samples without heat treatment could be ignited by this
method but the reaction wave would not propagate along the length
of the sample due to outgassing of the volatile impurities present.187
APPENDIX D
ERROR ESTIMATES
During the course of our experiment several data were taken at
each point in order to see the repeatability. The scattering of the
data depends not only in the variations of the controlled inputs, but
also in general, on variations in factors which are uncontrolled and
perhapsunrecognized.Someofthesefactorswhichmight
unwittinglyeffecttheoutputare:experimenter,supporting
equipment,andenvironmentalconditions.Thus,inadditionto
errorscausedbyknownfactorsextreneousfactorsmayalso
introduce errors in the data.
Since we wishtoinferafunctionalrelationshipsbetween
system variables from the experimental data by means of some sort
of polynomial regression, we require first an estimate of the value
of the dependent variable at each point, and coupled with this, we
requireanestimate,based on various degrees of confidence,of
intervals within which the true value is expected to lie.
TheAnalysis
Best value at a given input.When an output X is measured
many times at a given input Z, the mean value of X is simply
N
X = X N 1
i=1
(D.1)188
where Xi is the value of the ith observation and N is thenumber of
observationsinthesample.Itisamathematicalfactthatthe
arithmeticaveragedefinedbyEquation(D.1)isthebest
representation of the given set ofXi's. However, while X represents
an unbiased estimate of the truearithmetic mean X' of all possible
values of X, thereisno assurance that X isthe true value,X'.
Nevertheless, from any viewpoint, the best estimate of the valueof
the population mean at a given input is the average of the available
measurements.
ConfidenceIntervals.Having decided on the best available
value of X, we require next as to its worth as an estimate of the true
value of X. Since our data represents single sample of small N we
obtain the standard deviation of the single sample by the following
equation
N
L N -E (xi _ x)2
1/2 r
1 =1
(D.2)
where a' is the standard deviation. The factor (N1) is used in place
of the usual N to compensate for the negative bias whichresults
from using X in place of X' [59]. The confidence intervals werethan
calculated by using the "student t-distribution" developed by W.S.
Gosset [59] and are given for 90% probability in Table D.1.The
equation used to determine the confidence intervals isas followsIN_ 1a
Confidence in X =
t
189
(D.3)
where the subscripts oftindicate degrees of freedom (N1) and
probability p [59]. Degrees of freedom can be defined in general as
thenumberofobservationsminusthenumberofconstants
calculated from thedata. For evaluationsata given point,this
amounts to (N1) since only one constant, X, is extracted from the
data.
Table D.1Student t-distribution
Degrees of Freedom 90% Confidence Probability
1 6.314
2 2.920
3 2.353
4 2.132
5 2.015
6 1.943
7 1.895
8 1.860
9 1.833
10 1.812190
Table D.2 Calculated Values of Best Estimatesof Speed and 90%
Confidence Interval.
Input conditions Best estimate
in v (cm/sec)
90% confidence
interval in v
Sample
diameter
(cm)
0.84
1.28
1.60
2.08
0.87
0.84
0.94
0.87
± 0.06
± 0.08
± 0.05
± 0.08
0.6 0.47 ± 0.06
Mole 0.7 0.57 ± 0.08
ratio 0.8 0.75 ± 0.07
(Ti/C) 0.9 0.84 ± 0.09
1.0 0.94 ± 0.05
1.2 0.82 ± 0.08
1.4 0.65 ± 0.05
1.6 0.61 ± 0.07
0.0 0.94 ± 0.05
Dilution5.0 0.86 ± 0.09
with 10.0 0.77 ± 0.08
product15.0 0.53 ± 0.08
(%) 20.0 0.38 ± 0.04
25.0 0.27 ± 0.101.4
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Figure D.1.Sample Diameter vs Error Bar with 90% Confidence
Interval.Q
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Figure D.3.Dilution with Product (%) vs Error Bar with 90%
Confidence Interval.194
APPENDIX E
POLYNOMIAL CURVE FIT EQUATIONS
Two different equations are found to best fit theexperimental
data for the titanium rich and carbon rich cases.The correlation
equations obtained are
v = 2.18541.6563(0) + 0.41518(0)2
v = -0.80016 + 2.6205(0)0.8829(0)2
where v isthe propagation speed in cm/sec and 0 is themole ratio
(Ti/C). Equation (E.1) describes the titanium rich caseand Equation
(E.2) describes the carbon rich case. Their adjustedcoefficient of
determination or the error are 0.834 and 0.914 fortitanium rich
and carbon rich cases respectively.
The equation describingthebestfitcurvetorepresentthe
variation of speed with product dilution is obtained as
v = 0.967451.8545*10-2 *(v)3.4175*10-4 *(w)2(E.3)
where v is the product present in percent of weight ofthe initial
mixture. The adjusted coefficient of determination is 0.835.195
Based on the experimental data points the correlation equation
describingthe propagation speed in cm/secasa function of the
initial sample density in gm/cm3 is obtained as
v = -3.8165 +4.56(pi)1.0623(pi)2 (E.4)
The adjusted coefficient of determination or the error is 0.741.